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Introduction 

Growth of excised wheat root-tips, as influenced by H-ion concentration 
of the medium, volume of the medium, temperature, illumination, and or- 
ganic nutrition was considered in an earlier paper (10). The present con- 
tribution deals with additional preliminary experiments on growth of the 
same kind of root-tips as related to concentrations and proportions of 
inorganic ions (other than H* and OH-) in the medium. 

Except as otherwise stated, experimental procedures were like those 
described in the paper just referred to: the culture flasks (each with a 
single root-tip) stood in a well ventilated basement room, with temperature 
maintained at about 25° C. and with continuous artificial illumination from 
nitrogen-filled Mazda ‘‘daylight’’ lamps; the standard nutrient medium 
used was the UspPENSKI solution (9), to each liter of which 20 em. of 


TABLE I 


CONCENTRATION OF SALTS USED 








CONCENTRATION 
SALT 





MOLAR NORMAL | MG. PER LITER 





EL TTS 0.0006 | 0.0003 | 100 
SRR 0.0002 | 0.0001 | 25 
K,cOo, .. 0.00025 0.000125 35 
SSS 0.00025 0.00025 25 
 “GERRE 0.000185 0.000061 25 
Sa 0.000003 0.000001 1.25 
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dextrose was added, with the extract of 0.1 gm. of dry brewers’ yeast. The 
salts of the USPENSKI solution, together with their molar and normal con- 
centrations and their concentrations in milligrams per liter, are shown in 
table I. 

The total salt concentration was consequently about 0.0015 M., or 211.25 
mg. per liter. Ionization is supposed to have been practically complete. 
Neglecting such small amounts of incompletely ionized salts as may have 
been present, as well as traces of unknown impurities in the chemicals used 
and unknown constituents of the yeast extract added, the standard medium 
may be taken to have contained, besides H* and OH-, the following 
potential ions in approximately the partial concentrations shown. 


TABLE II* 


CONCENTRATION OF IONS IN SOLUTION 








CONCENTRATION PER LITER (MILLIGRAMS) 








MG.-Ion MG. EQUIVALENT 





0.940 (Ux) | 0.940 
0.600 (Uca) 0.300 
0.200 (Une) 0.100 
0.006 (Use) 0.002 0.35 


1.45 (Uxo,) 1.450 91.0 
0.21 (Uso,) 0.100 20.0 


Aamame 0.25 (Uco.) 0.125 15.0 
0.18 (Upo) 0.090 17.5 
4 





*In table II and throughout this paper, the symbols for the several kinds of ions 
appear without their plus or minus signs; thus K is used instead of K+, Fe is used in- 
stead of Fe*+, SO, instead of SO,-, ete. Such usage avoids considerable expense in 
printing and cannot lead to ambiguity in such discussions as this. 


In table II, each partial concentration is shown by three different values, 
each of which might be computed from either of the others: (1) ‘‘Milligram- 
ion per liter’’ is the quotient obtained by dividing the number of milligrams 
per liter, of the ion in question, by the ionic weight of the latter; it corre- 
sponds to the familiar ‘‘gram-molecules per liter.’’ (2) ‘‘Milligram- 
equivalent per liter’’ is the quotient obtained by dividing ‘‘milligram-ion 
per liter’’ by the valence of the ion in question; it corresponds to the 
familiar ‘‘normal concentration.’’ (3) ‘‘Milligrams per liter’’ is simply 
the weight, in milligrams, of the ion in question contained in a liter of 
medium; its value is identical with that of the corresponding concentration 
expressed as parts per million, being the corresponding percentage concen- 
tration multiplied by 10,000. Relative ionic concentrations rather than 
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relative molar concentrations or relative weights of elements, ete., per liter, 
are of primary interest in comparing nutrient media with respect to their 
physiological influence, as was emphasized in SHIVE’s discussion of ionic 
ratios (7) ; therefore the concentration values considered in this paper are 
always ionic. They are generally referred to the mg.-ion values just given, 
which serve as concentration units. Convenient designations for these 
units are shown in parentheses in table II; for example, 0.94 mg.-ion of K 
per liter (the standard partial concentration of K) is called Ux, 1.45 
mg.-ion of no; per liter is called Uno;, ete. Consequently 0.5 Uno; repre- 
sents 0.725 mg.-ion of NO, per liter, ete. 

With the standard medium as a basis, various modifications were tested, 
these being made up with different concentrations of the ions considered. 
There were 127 of these modified media, giving a great number of differ- 
ences in ion proportions. The influences exerted on growth by some of the 
main ions of the standard solution were thus studied separately or in pairs, 
as will be seen from the account of results. Each ion studied was employed 
at higher and lower concentrations than were specified for the standard 
medium, which was always used as control. 

The complete omission of an ion in the preparation of a medium did not, 
of course, imply that the ion in question was entirely absent, for very small 
traces of all the main ions may be supposed to have been derived from salt 
impurities or from the yeast extract used. Media designated as ‘‘ without 
K,’’ for instance, probably had unknown but very small concentrations of K. 

To study the ion relations of an organism it would naturally be desirable, 
among other things, to alter the concentration of each ion separately, with- 
out at the same time introducing any other alteration in the constitution of 
the nutrient medium; but this is obviously impossible, since ions cannot be 
handled separately, as is possible with molecules. In order to alter the con- 
centration of any ion it is necessary to alter the concentration of one or more 
of the other ions also,—an obvious consideration which complicates matters 
exceedingly, although it has seldom been taken seriously into account in 
solution-culture experimentation (see Morita and Livineston’s (5) plan 
for studying solution cultures of wheat plants in solutions from which potas- 
sium was omitted). In the present experiments on excised wheat root-tips, 
the concentration of any ion was decreased by suitably decreasing the con- 
centration of its salt or salts and by adding a suitable amount, either of a 
sodium salt with the corresponding anion or of a chloride with the corre- 
sponding cation; and the concentration of any ion was increased simply by 
adding to the solution the requisite amount either of the corresponding 
sodium salt or of the corresponding chloride. By this procedure each modi- 
fied medium was approximately like the standard medium with respect to 
the concentrations of all the ions of the latter, excepting the ion or ions 
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whose partial concentrations were purposely altered; but some of the modi- 
fied solutions differed from the standard solution also with respect to their 
concentration of Na or of Cl, for these extra ions are not included in the 
UsPENSKI solution. For the purposes of this preliminary study, it may be 
tentatively supposed, without prejudice, that these small additions of Na or 
of Cl were not significantly influential upon the growth of the root-tips. 
Each culture flask, with 50 ml. of medium, had a single root-tip. The 
root-tips were measured after a period of 14 days, the length of the main 
root and the total length of all branches being recorded for each culture. 

















Cone. of Ca (Yea) 











7'0 
Conc. of A (Ux) 


Fie. 1. Three-dimensional diagram showing by means of isopleths growth responses 
as related to different concentrations of K and Ca. Relative growth indices are inscribed 
at the points representing the several combinations of these ions. 











The sum of these measurements gave the total increment of elongation for 
the culture in question. (Because the original excised tips, with which all 
cultures were started, were uniformly only about 3 mm. long, this original 
length may be considered as insignificant.) The growth increments for all 
like cultures in each series were averaged, to give a single numerical growth 
index for the particular solution employed. The relative physiological suit- 
ability of any medium tested may be judged by comparing its growth index 
with the corresponding growth index for the standard medium. Photo- 
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graphs of representative root-tips were made in many instances and records 
were kept as to general appearance and amount of branching. 


Experimental results 
CATIONS 
The influence of K and Ca upon growth was studied in two similar series 
of cultures, carried out at about 26° C. Besides the standard medium there 
were 15 modifications, and each series comprised 10 cultures of each me- 
dium. The modified media were like the standard medium in ionic concen- 
trations, excepting with respect to the concentrations of K and Ca (and, in 


0.47 094 
Me.-ion K per L. 


ay, 


Fig. 2. Model showing the relations in figure 1, but concentrations are shown here 
as mg.-ions per liter and altitudes are actual growth indices, in mm, 


some instances, with respect to added Na or Cl). The replacements were: 
K,CO, by Na,CO,, KNO, by NaNO,, KH,PO, by NaH,PO,, and Ca(NO,), 
by NaNO,. KNO, was supplemented by KCl, and Ca(NO,). was supple- 
mented by CaCl,. The concentrations of K and Ca in these series are shown 
on the diagram of figure 1. One medium received neither K nor Ca, three 
received no K, and three received no Ca. Those receiving K had K-ion con- 
centration of 0.5 Ux, 1.0 Ux, or 1.5 Ux, while those receiving Ca had Ca-ion 
concentration of 0.5 Uca, 1.0 Uca, or 1.5 Ucn. 
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The first of these two series was carried out in continuous darkness. The 
pH values of the media at the end of the culture period were all between 5.4 
and 5.7, a range previously shown (10) to give excellent growth of these 
root-tips. The growth indices obtained, expressed in terms of the index for 
the standard medium (76.0 mm.=1.00), are inscribed at the points on the 
diagram just mentioned. Each isopleth thus represents a series of K-Ca 
ratios that were about equally effective for growth of these root-tips. The 
solid diagram of figure 2 represents these results in another way. 

Best growth occurred in the medium having a K concentration of Ux 
(t.e., 0.94 mg-ion per liter) and a Ca concentration of 0.5 Uc (t.e., 0.30 
mg.-ion per liter). It thus appears that the standard medium might have 
given greater growth had its concentration of Ca been somewhat lower, but 
that its concentration of K was about optimal for the range of salt propor- 
tions represented by this experiment. 

It is obvious that if a set of vertical or horizontal profiles were erected 
upon the diagram of figure 1, the growth relations shown by any profile 
might be very different from those shown by another profile of the same set. 
Any such profile is, of course, the concentration-growth curve as usually 
constructed when an ion is treated as an independent variable, and the 
failure of these curves to coincide under experimental complexes that dif- 
fered only slightly and with respect to only one other variable emphasizes 
the necessity of considering all the effective variables in such studies as this. 

In the second of these two series with K and Ca, carried out in diffuse 
natural daylight, the eight media represented by the points on the lower 
half of figure 1 gave results that agreed essentially with those obtained from 
the first series. The best growth, for the same medium as before, showed an 
absolute index value about 15 per cent. lower than in the first series. The 
final pH values of these media were between 5.2 and 5.6, about as in the first 
series. On the other hand, the eight media represented by the points on the 
upper half of the figure were found (for some unknown reason, perhaps con- 
nected with autoclaving) to have final pH values as high as 7.2, being thus 
much more alkaline than the corresponding media of the first series. The 
growth indices for these more alkaline media were much lower than those 
for media similar in constitution but with more acid reaction, as shown on 
the figure,—an observation which is in accord with an earlier conclusion 
(10) that these root-tips gave only relatively low growth indices when the 
pH value of the medium was higher than about 6.0. This unexplained dif- 
ference in final pH values between two sets of media intended to be alike 
seems to emphasize the need for extreme care in the preparation and auto- 
elaving of culture media for studies of this kind. These media were appar- 
ently very labile under some of the conditions to which they were subjected. 
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The partial concentration of Mg was varied in six series of cultures. 
Two of these were carried out in darkness, one in continuous weak artificial 
light, and three in more intense continuous artificial light such as was em- 
ployed in earlier experiments on light influence (10). The first three had 
Mg concentrations of 0.0, 0.5, 1.0, and 1.5 Uyg, and the last had concentra- 
tions of 0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 Uy,. The partial concentrations of the 
other ions were always the same as those specified for the standard medium 
(excepting Na and Cl in some cases). The medium without Mg contained 
Na,SO, instead of MgSO,; the media with Mg concentrations lower than 1 
Une contained both MgSO, and Na,SO,; and those with Mg concentrations 
higher than 1 Uy, received additional Mg as MgCl.. 

The average growth index for all tests in which Mg was omitted was 45 
per cent. greater than the corresponding average for the standard medium. 
When Mg was present at a concentration of 0.5 Ung, the average index was 
somewhat (8 per cent.) smaller than the corresponding control average, but 
this may not be a significant difference. With Mg concentration of 1.5 or 
2.0 Une, the respective averages for all series were 12 or 13 per cent. greater 
than the control average. With Mg concentration of 2.5 Une, the average 
for all series was sensibly like the control average. Of course there was 
some deviation among the several series, but the detailed data generally in- 
dicate more growth in the medium without Mg than in any of the others. 
The relative growth indices for the medium without Mg in these experiments 
are as follows, the corresponding control index being taken as 1.00: For two 
series in continuous darkness, 0.89 and 1.18; for one series in weak continu- 
ous artificial light, 1.08 ; for three series in more intense continuous artificial 
light, 2.45, 1.48, and 1.63. <A representative of the root-tips grown without 
Mg is shown at the left in figure 3; these were straight and of unusually 
great length, but generally only sparsely branched. A comparable repre- 
sentative root-tip grown in standard medium with Mg concentration of 1 
Ume) is shown at the center of the figure; these control root-tips were 
much shorter and more crooked but had more branches than those 
grown without Mg. The right-hand root-tip in the figure represents those 
grown with an Mg concentration of 2 Uy,e; their growth habit was much like 
that of those grown without Mg, but their growth index is 49 per cent. less. 
All three of the root-tips were grown with temperature about 26° and with 
relatively intense continuous artificial illumination, the only difference in 
treatment being with respect to Mg concentration. 

The medium without Mg was somewhat opalescent when taken from the 
autoclave, but precipitation soon ensued, leaving the liquid clear and color- 
less. On the other hand, all solutions with Mg were clear when taken from 
the autoclave, and they showed no subsequent precipitation but were some- 
what yellowish in color, suggesting that some caramelization of dextrose may 





PLANT PHYSIOLOGY 


Fic. 3. Representative root-tips grown 2 weeks in media differing only with respect 
to the concentration of Mg: A, without Mg; B and C, with 0.2 mg.-ion of Mg per liter 
(standard) and 0.4 mg.-ion of Mg per liter respectively. About natural size. 


have occurred in the process of autoclaving. This difference between the 
medium without Mg and those with Mg was not paralleled by any significant 
difference in pH value. The yellow tint of the media with Mg was found to 
be progressively more pronounced as the concentration of K,CO, was higher. 
These observations led to the suggestion that a medium with a concentration 
of CO, less than Uco, might perhaps give more vigorous growth than was 
given by the standard medium. 

The concentrations of both Mg and CO, were therefore varied, in a single 
experiment which was carried out at about 24° and with continuous intense 
artificial illumination. Besides the standard medium there were in this 
series 17 modified media, and each of the 18 was represented by 10 cultures. 
The concentrations of all component ions excepting Mg and CO, (and in 
some cases Na and Cl) were the same for all these media. The 18 different 
combinations of Mg concentrations and CO, concentrations tested are shown 
in figure 4, where it is seen that Mg had concentrations of 0.0, 0.5, 1.0, 1.5, 
2.0, and 2.5 Uy,g, and that CO, had concentrations of 0.0, 1.0, and 2.0 Ucos. 
The media from which CO, was omitted received KCl instead of the car- 
bonate; those with CO, at concentrations lower than 1 Uco, received both 
K,CO, and KCl; and those with CO, concentrations higher than 1 Uco; re- 
ceived both K,CO, and Na.CO,. 
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The relative values of the growth indices obtained from this series are 
inscribed on the 3-dimensional diagram of figure 4, in which each contour 
line or isopleth indicates concentration combinations (Mg-CO, ratios) that 
gave like growth values. The hachured area represents media closely ap- 
proaching the standard medium in effectiveness. The actual average index 
for the standard medium was 72.0 mm., which is taken as unity. 
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Fie. 4. Three-dimensional diagram showing by means of isopleths growth responses 
as related to different concentrations of Mg and CO,; relative growth indices are in- 
scribed at the points representing the several combinations of these ions. Hachured 
area represents media closely approaching the standard medium (1.00) in effectiveness. 




















With the exception of the single point whose coordinates are 0.5 Une, 
1 Uco;, the relations shown seem to be satisfactorily consistent; perhaps 
the growth index for the medium represented by that point may be errati- 
cally low. At any rate it appears that the standard medium was slightly 
surpassed, for growth in these 2-week tests, by two modified media, one with- 
out Mg (and with CO, concentration of 1 Uco;) and the other without CO, 
(and with Mg concentration of 1.5 Uy,). The standard medium might ap- 
parently be simplified and somewhat improved by omitting Mg or by omit- 
ting CO, and at the same time increasing the Mg concentration by 50 per 
cent. 

These suggestions may be added to the suggestion that the standard me- 
dium might be improved by decreasing its Ca concentration by 50 per cent. 
But it is to be remembered that the physiological influences due to the sev- 
eral ions are not to be regarded as independent variables; consequently it 
need not be supposed that the standard medium would be improved by 
simultaneously decreasing its Ca concentration and omitting Mg, or by 
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simultaneously decreasing its Ca concentration, increasing its Mg concentra- 
tion, and omitting CO,. A more elaborate series of tests than has thus far 
been attempted would be required to throw light on the question thus raised. 
In this connection it is to be borne in mind that such modifications of the 
standard medium would each necessarily involve still other resultant modifi- 
cations with respect to the concentrations of ions other than those primarily 
considered. 

Three different sources of tron were compared in five series of cultures 
with temperature of 22°-27°. The substances used were Fe,(SO,), (the 
iron salt specified in the UsPeNskI formula), Fe.,Cl,, and a commercial prep- 
aration of uncertain composition called ‘‘iron citrate.’’! Ferric sulphate is 
not deliquescent, and specified concentrations of it may be prepared by sim- 
ple weighing without special precautions; but it tends to form ferric hy- 
droxide in solution, which is only slightly soluble. Ferric chloride, which 
has been used as iron source by many students of plant nutrition, is mark- 
edly deliquescent and it is usually undesirable to depend on weighed quan- 
tities of it for specified concentrations. Of course, measured quantities of a 
solution whose Fe content has been ascertained by analysis may be used in 
preparing nutrient media. In complex nutrient solutions, such as those of 
this study, each of these sources of iron may give concentrations of Fe that 
are markedly different from values computed on the basis of weighing and 
the formula, especially when the solutions are not decidedly acid. Despite 
these and similar troublesome considerations, the solutions used in these ex- 
periments were prepared in the ordinary way, by weighing, on the supposi- 
tion that the three formulas were Fe,(SO,),, Fe,Cl,-12H,O, and 
FeC,H,O,:3H,O. Influences on growth that might possibly be exerted by 
the very low concentrations of the anions of these salts were left out of ac- 
count. All the constituents of these solutions, except the iron source, were 
at the respective concentrations specified for the standard medium. The Fe 
concentrations employed were 0.0, 0.5, 1.0, and 1.5 Us. (Ure being 0.006 
mg.-ion per liter). 

1 The U. S. Pharmacopoeia, 7th ed. (6), gives ‘‘iron citrate’’ as FeC,H,O; - 3H.O [9], 
after the formula of Scuirr, while BEIMSTEIN (1) gives forms with 1, 144, and 3 mole- 
cules of water of crystallization as well as more complex formulas. BELLONI (2), who 
gave special attention to this material, stated that it is probably a dicitric-triferrice citrate 
of the base [Fe,(C,H;0,),.(OH).]OH, with the formula [Fe,;(C;H;O;).(OH).(OH,)2]% 
C.H,O,:6H,O. Among physiologists who have employed iron in citrate form, HopKINS 
(3) used KC,H,O, and FeCl, together in his nutrient solution. He gives the formula of 
the resulting potassium-iron compound as KH,[ (C,;H,O,) (CO.),Fe.], and states that he 
is ‘‘of the opinion that any preparation of ferric citrate purchased on the market would 
be of rather uncertain composition’’ (3a). A letter from the Chemical Division of the 


Eastman Kodak Co. refers to ferric ammonium citrate (which is used in photography) 
as 4FeC,H,0, - 3(NH,),C,H;0; - 3Fe(OH));. 
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Three series, one for each iron source, were carried out simultaneously, 
each series having 10 cultures with each Fe concentration. The cultures re- 
ceived only diffuse natural daylight. Relative values of the resulting growth 
indices are shown below. The actual average index for the standard medium 
(marked with an asterisk) was 64.4 mm., which is taken as unity. The 
medium without Fe gave an actual average index of 48.8 mm., or a relative 
index of 0.74, which is lower than any of the nine index values for solutions 
containing Fe. 








FE CONCENTRATION (MG.-ION PER LITER) 
FE SUPPLIED AS 





0.003 | 0,006 (Us) | 0.009 








0.80 | 1.00* 1.48 
0.92 0.91 0.59 


0.89 1.11 0.94 








Only with the sulphate were the growth values regularly larger as the Fe 
concentration was higher. With Fe concentration of 0.003 mg.-ion per liter 
the chloride and the ‘‘citrate’’ were apparently both slightly superior to the 
sulphate. With Fe concentration of 0.006 mg.-ion per liter (Ur), the 
citrate was apparently slightly, although probably not significantly, superior 
to the sulphate and the chloride was apparently somewhat inferior to the 
sulphate. With Fe concentration of 0.009 mg.-ion per liter, both chloride 
and citrate were very much inferior to the sulphate. The indications are 
that these three sources of iron were about equally efficient when the Fe 
concentration was 0.5 Ur. or 1 Use, but that the citrate was unsatisfactory 
and the chloride was markedly toxic when the Fe concentration was 1.5 Ure. 

The series with Fe,(SO,), was repeated, with results almost exactly like 
those just stated for cultures in media containing iron in this form. An- 
other like series with Fe,(SO,),, carried out in continuous darkness, gave 
an average growth index of 87.8 mm. for the standard medium. The rela- 
tive growth indices were as follows: 








WITH FE (MG.-ION PER LITER) 
WirTHovuT FE 





0.003 | 1.006 (1Ur.) | 





0.84 | 1.00 | 
| 








Neither the chloride nor the citrate appears to have given any consider- 
able promise as a source of iron in cultures of this sort. It is equally clear 
that Fe,(SO,), was an excellent source of iron, giving progressively greater 
growth as the Fe concentration was higher; also that the standard medium 





500 PLANT PHYSIOLOGY 


(with 0.006 mg.-ion of Fe per liter) was markedly deficient in Fe for these 
root-tips. Representative samples of root-tips grown without Fe and with 
these three different concentrations of Fe,(SO,), are shown by the photo- 
graphs of figure 5. It is obvious that the highest Fe concentration tested 


Fig. 5. Representative root-tips grown 2 weeks in media that differed only with 
respect to the concentration of Fe as Fe,(SO,),: A, without Fe; B, C, and D, with 0.003, 
0.006 (standard), and 0.009 mg.-ion of Fe per liter respectively. About 0.6 natural size. 


(0.009 mg.-ion per liter) gave by far the best growth, while the media with 
Fe concentration of 0.003 or 0.006 mg.-ion per liter gave relatively little 


growth, being only slightly superior to the medium without iron. 


ANIONS 

The effects of omitting any three of the four main anions of the standard 
medium were tested in a series comprising four modified media besides the 
standard one. These experiments were carried out at about 25° C., in con- 
tinuous weak artificial light, and there were 20 cultures for each medium. 
Each of the four modified media was like the standard one with respect to 
dextrose, yeast extract, all the cations of the UsPENSKI formula, PO,, and 
Fe,(SO,),; and each contained, in addition, either NO,, Cl, SO,, or CO,, 
making in each case the total anion concentration like that of the standard 
medium. According to the anion that predominated in each, these four 
modified media may be named the nitrate medium, the chloride medium, the 
sulphate medium, and the carbonate medium. It will be observed that, aside 
from possible impurities in the salts used, and aside from the yeast extract 
used, the nitrate medium contained no Cl or CO,, and only the very small 
amount of SO, corresponding to 0.006 mg.-ion per liter as Fe,(SO,),; and 
that neither of the three remaining modified media contained any nitrate, 
ete. These modified media were prepared according to the specifications for 
the standard medium but with the following substitutions: For the nitrate 
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medium MgNO,-6H,O was used instead of MgSO,:7H,O and KNO, was 
used in place of K,CO,. For the chloride medium CaCl, was used instead 
of Ca(NO,),.:4H,0, MgCl, -6H,O was used instead of MgSO,-7H,O, and 
KCl was used in place of both KNO, and K,CO,. For the sulphate medium 
CaSO, -2H,O was used instead of Ca(NO,),:4H.O and K,SO, was used in 
place of both KNO, and K,CO,. For the carbonate medium CaCO, was 
used instead of Ca(NO,),°4H,O, 3MgCO,:Mg(OH):3H.O was used in- 
stead of MgSO, : 7H,O, and K,CO, was used in place of KNO,. Both after 
autoclaving and at the end of the experiment, all but the carbonate medium 
showed pH values between 5.4 and 5.7 and no precipitation was observed. 
The carbonate medium was more alkaline, with a pH value of 5.95, and it 
showed some precipitation. 

The relative values of the growth indices derived from this series are as 
follows, the actual value for the standard medium being 103 mm. : 


Standard medium 

Nitrate medium (with NO, and PO, but practically without 
esti 

Chloride medium (with Cl and PO, but practically witout 
either NO,, SO,, or CO,) 

Sulphate medium (with SO, and PO, but practically without 
either NO,, Cl, or CO,) ; 

Carbonate medium (with CO, and PO, but practically without 
either NO,, Cl, or SO,) 


Root-tips grown in the standard medium were apparently in excellent con- 
dition, with an average of 7 branches each. Those grown in the nitrate 
medium appeared to be in very good condition but they were more slender 
than those grown in the standard medium; they had, on the average, 6 
branches each. Root-tips grown in the chloride medium were generally 
shorter than those grown in the standard medium or in the nitrate medium, 
although they had, on the average, 8 branches each; both main root and 
branches were remarkably thick and stubby, with somewhat swollen tips. 
Root-tips grown in the sulphate medium were small but their average num- 
ber of branches was eight and they had much the same appearance as those 
grown in the standard medium, excepting with respect to size. Those grown 
in the carbonate medium were clearly in very poor condition, crooked and 
swollen, and with an average of only 3 branches each, the branches being 
very short and stubby. 

Representatives from these five media are shown in the photograph of 
figure 6. The fact that every one of the four modifiéd media gave consider- 
able growth indicates that vitality was maintained for the 2-week period in 
spite of these great chemical modifications of the medium. That the three 
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modified media without CO, all have good, or at least fair, growth, while the 
carbonate. medium gave very poor growth, appears to support the sugges- 
tion, already made, that CO, might well be omitted from media of this gen- 
eral type for the plant material and period length used in this study. The 
omission of Cl, SO,, and CO, together (nitrate medium) resulted in a 
growth value 87 per cent. as large as was obtained with the complete stand- 
ard medium, from which it appears that Cl and SO,, as well as CO,, were 
unessential to good growth. 


A D E 


Fic. 6. Representative root-tips grown 2 weeks in media: A, standard in all re- 
spects; B, like A but with SO, and CO, replaced by NO,; C, like A but with NO,, SO,, 
and CO, replaced by Cl; D, like A but with NO, and CO, replaced by SO,; FE, like A but 
with NO, and SO, replaced by CO,;. About natural size. 


Of the four anions here considered, NO, was obviously the most important 
for extensive growth, but the good or medium growth obtained with the 
chloride medium and with the sulphate medium indicates that even NO, 
was not essential for growth in these 2-week tests. Without NO, a relative 
growth index as great as 0.73 was obtained, which is surprising in view of 
the great importance generally assigned to nitrates in the nutrition of higher 
green plants, and in view of the generally accepted statement that such or- 
ganisms are unable to utilize molecular nitrogen (see LipMAN and TAYLOR 
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(4), however). It is of course logically possible that nitrification occurred 
in the sulphate medium and in the chloride medium, through the action of 
nitrifying bacteria, but there is no direct evidence favoring such a supposi- 
tion. A considerable but surely very small amount of NO,, may have been 
introduced into the media planned to be without NO,, in the yeast ex- 
tract, and as possible impurities in the dextrose used or in the salts em- 
ployed. It is also logically if only remotely possible that the original 3-mm. 
root-tips may have carried a sufficient amount of nitrogenous compounds to 
maintain good growth for two weeks, but cultures in the chloride medium 
gave final total lengths about 25 times as great as the original length (3 
mm.), and those in the sulphate medium gave final total lengths about 19 
times as great as the original length. Root-tips grown in the chloride me- 
dium or in the sulphate medium formed, on the average, 8 new growing 
points (branch roots). If one of these tips 3 mm. long contained sufficient 
assimilated or assimilable nitrogen to support such pronounced enlargement, 
and such multiplication of meristematic tissue (without any apparent de- 
generation of the older and basal tissues), that fact should be noteworthy. 

The nitrate ton and the ammonium ion were compared, as to their influ- 
ence on the growth of these root-tips, by means of a number of experiments 
with media that were like the standard one in regard to all features except- 
ing the nitrogen source but different from the standard medium and among 
themselves in that respect. Several concentrations of NO, and its omission, 
and the substitution of NH,Cl for Ca(NO,), and KNO, were thus tested. 
There were 10 cultures for each N, concentration, and cultures were carried 
out both in continuous darkness and in continuous weak artificial light, the 
temperature being about 26°. The presence of both NO, and NH, together 


TABLE III 








| RELATIVE 
AL N, | 
NO, NH, Torau N; | GROWTH INDEX 





mg.-ion per l. | mg.-ion per I. mg. per l. 

0.0 0.0 0.0 1.04 
0.0 0.32 4.5 0.93 
0.0 0.64 9.0 0.98 
0.45 0.0 9.8 1.09 
0.56* 0.0* 12.0* 1.00 
0.0 0.96 13.5 0.95 
0.0 1.28 18.0 1.00 
0.90 0.0 19.5 1.00 
0.0 1.60 225 1.01 
1.35 | A 29.3 








* Standard medium. 





504 PLANT PHYSIOLOGY 


in the same medium was not tested. All of these tests gave results sensibly 
like those obtained with standard medium. Table III shows the nature and 
concentration of the nitrogen source used in ten of these modified media, 
together with the relative growth index obtained with each modification. 
With the standard medium (marked by asterisks), excellent growth was ob- 
tained and the actual average index was 66.4 mm., which is taken as unity. 

In these tests it apparently made no significant difference whether NO, 
or NH, was purposely present or absent, or whether either of these nitrogen 
sources was used at low or at high concentration. This strengthens and 
extends the conclusions reached from the experimental series previously 
described. 

Effects of modification of the PO, concentration of the medium were 
tested in three series. The temperature varied between 22° and 26°. In 
two series constituents other than KH,PO, were maintained at the concen- 
trations specified for the standard medium and the PO, concentration was 
0.0, 0.5, 1.0, or 1.5 Upo,. There were ten cultures for each of these four 
media. A third series had the same four PO, concentrations, but each of 
these was tested with eight different pH values, secured by means of small 
additions of HCl or NaOH. There were three cultures for each of these 32 
media, or 96 in all. These experiments showed no pronounced differences 
in growth, excepting as the PO, content of the medium influenced the final 
H-ion equilibrium, which has been considered in an earlier paper (10). 

When the SO, of the standard medium was partly or wholly replaced 
by Cl, and also when the concentration of SO, was 1.5 Uso, ((Na,SO, being 
added to the medium in the latter case), growth was sensibly the same as in 
the unmodified standard medium. 

When CO, was omitted from the standard medium the resulting modified 
medium gave greater growth than was obtained with the standard medium 
itself, and media with CO, concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 Uoco, 
gave progressively less growth as the CO, concentration was greater. These 
statements are based on two special experiments with temperature between 
22° and 27°, one with weak continuous artificial light and the other with 


TABLE IV 








| wrraour Wirt CO, (MG.-ION PER LITER) 


©, | 0.0075 | 0.0150 | 0.0225 | 0.0295 | 0.0370 








Average indices (mm.) .......| 993 | 889 | 67.8* | 521 | 430 | 35.7 
Relative indices 147 | 131 | 100° | 0.77 | 0.63 | 0.53 


| 
Final pH values | 5.05 | 5.00 5.10* | 5.15 | 5.30 | 5.40 





* Standard medium. 
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stronger continuous artificial light. The actual and relative growth indices 
derived from the first of these special experiments are shown in table IV, 
those for the standard medium being marked with asterisks. 
Three representative root-tips from this experiment are shown in figure 
Those grown in the medium without CO, appeared to be in excellent 


A B C 


Fic. 7. Representative root-tips grown 2 weeks in media that differed only with 
respect to the concentration of CO,;:A, without CO,; B and C, with 0.25 mg.-ion per liter 
(standard) and 0.50 mg.-ion per liter respectively. About natural size. 


condition, with an average of eight branches each. Those grown in the 
standard medium (with 0.015 mg.-ion of CO, per liter) had on the average 
only five branches each, and those grown in the medium with CO, concen- 
tration of 2.0 Uco, were short and stubby and had an average of only two 
branches. 

A repetition of this experiment gave essentially the same results. These 
series thus support the conclusions indicated by previous experiments with 
CO,; namely, that the presence of CO, in the medium tended to have a re- 
tarding effect on the development of root-tips grown therein. But it is to 
be noted that the culture series represented by figure 4 indicated consider- 
ably less growth (relative index value of 0.82) when CO, was omitted than 
was given by the unmodified standard medium. 

This retarding influence of CO, as indicated by these experiments, can 
hardly be attributed directly to low H-ion concentration, for the final pH 
values were found to be nearly the same whether CO, was present or not, 
and whether its concentration was high or low, as is seen in table IV. 
It is perhaps possible that the retarding influence may have been related to 
Fe supply, as suggested by Usrenski (8); but it is surprising that these 
root-tips should have been injured or retarded in their growth by such low 
concentrations of CO,, an ion that must be generally present at considerable 
concentrations in rapidly growing tissues in which photosynthesis is not 
active. 

Summary 

1. In a preliminary study reported previously (10), it was found that 

3-mm. root-tips excised from wheat seedlings grew excellently for a 2-week 
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period and without renewal of the liquid culture medium when the inorganic 
salt contents of the latter were like those specified for the USPENSKI solution 
(8), and when each liter of medium contained also 20 gm. of dextrose and 
extract from 0.1 gm. of dry brewers’ yeast. Within the limits of that study, 
the medium thus characterized gave best growth under the following con- 
ditions: (1) when its pH value was about 5.0-5.5; (2) when each culture 
flask, with its single root-tip, contained not less than 25 ml. of medium; (3) 
when the culture temperature was maintained about 26°—27° ; and (4) when 
the cultures received continuous electric illumination from Mazda ‘‘day- 
light’’ bulbs. In the present paper are presented results from additional 
preliminary experiments with root-tips like those used before, in which the 
experimental variables were the ion concentrations of the culture medium, 
aside from H-ion and OH-ion concentrations. The medium just described 
was taken as standard, being used for control cultures, and numerous 
modifications of it (with respect to inorganic ion concentrations) were tested, 
generally under the conditions just specified for pH value, volume of 
medium, temperature, and illumination. The main results may be sum- 
marized as follows. 

2. The standard medium was notably improved by lowering its Ca con- 
centration by 50 per cent., but its effectiveness was lowered by raising the 
Ca concentration or by omitting Ca. Raising or lowering the K concentra- 
tion or omitting K gave poorer growth than was given by the unmodified 
standard medium. Of 16 systematically chosen combinations of Ca con- 
centration and K concentration (including the omission of one or both of 
these ions as well as the raising or lowering of their concentrations), only 
one combination (lowering the Ca concentration by half and keeping the K 
concentration unmodified) was superior to the one specified for the standard 
medium, and a single other combination (lowering the Ca concentration and 
raising the K concentration, each by 50 per cent.) gave an average growth 
value equaling but not exceeding the corresponding value given by the un- 
modified standard medium. The remaining tested combinations of these 
two concentrations were all inferior to the standard. 

3. The standard medium was somewhat improved by the omission of 
Mg and its effectiveness was lowered by raising the Mg concentration. But 
when CO, was omitted and the Mg concentration was raised by 50 per cent., 
the effectiveness of the resulting modified medium equaled or slightly 
exceeded the effectiveness of the unmodified standard medium. In one test, 
simply omitting CO, led to somewhat poorer growth than was given by the 
standard medium; but in two special experiments on the influence of CO, 
concentration, this omission led to very marked improvement of the medium. 

4. The standard medium was markedly improved by raising the con- 
centration of Fe,(SO,), by 50 per cent., and its effectiveness was lowered 
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by the omission of that salt or by lowering its concentration. Ferric 
chloride and ‘‘ferric citrate’? were each found to be unsatisfactory as 
sources of Fe in these experiments. 

5. Omitting NO, or raising or lowering its concentration in the medium 
exerted no significant effect on growth, and the use of NH, instead of NO,, 
at various concentrations, was also without considerable influence; it made 
no difference whether NO, or NH, was used as nitrogen source, or whether 
either of these ions was at low or at high concentration. It is surprising 
that excellent growth was obtained in these 2-week cultures, without any 
nitrogenous substance in the medium excepting such very low concentra- 
tions as may have been due to impurities in the salts and dextrose used or 
in the yeast extract, which was present in all media. 

6. Omitting SO, or raising or lowering its concentration in the medium 
did not show any influence on growth, and the same is true for PQO,, ex- 
cepting as PO, concentration affected the pH value of the medium. 

7. The standard medium was improved by the omission of CO,, or at 
least the effectiveness of the medium was not greatly reduced by that omis- 
sion. Raising the CO, concentration lowered the effectiveness of the 
medium. 

8. Addition to the standard medium of a considerable concentration of 
Cl or Na was without notable effect on growth; one or the other of these 
ions, neither of which was used in the standard medium, was added in the 
preparation of some of the modified media discussed. 


These experiments were carried out at the Boyce Thompson Institute for 
Plant Research while the writer held a National Research Fellowship in 
Botany. This account has been prepared for publication at the Laboratory 
of Plant Physiology of the Johns Hopkins University, with critical help 
from Professor Burton EK. Livineston. 
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ACIDITY AND ALKALINITY PRODUCED BY CHANGES IN THE 
NITROGEN, SULPHUR, AND CARBON CYCLES? 


JOHN P. CONRAD 


(WITH FOUR FIGURES) 


Introduction 


Culture media, whether they be soils, nutrient solutions for higher 
plants, or bacteriological cultures, are subject to fluctuations, often of con- 
siderable magnitude, in their H-ion concentrations. Plant and animal 
fluids and contents of living cells also fluctuate in reaction. One phase of 
the problem upon which the writer is working involves changes in the 
reaction of soils, apparently due in part to the changes in the nitrogen 
cycle. It seemed desirable to investigate in a theoretical way the principal 
changes that could arise from these and other transformations. The results 
secured as well as the methods used offer the possibility of wider applica- 
tion than to this specific problem, being perhaps most applicable to the 
fields of plant physiology, soil chemistry, and bacteriological chemistry. 
For that reason, they have been prepared for publication. 

Certain changes in the nitrogen cycle produce acidity, other changes pro- 
duce alkalinity, and still other changes in the nitrogen cycle have little or no 
effect on the pH of the medium. Many of these changes have been worked 
out quantitatively, others only qualitatively.2 Confusion exists in some 
plant and soil literature bearing on these changes. This paper is an attempt 
to develop by theoretical reasoning, from the fields of inorganic and biolog- 
ical chemistry, a quantitative expression of the acidity and alkalinity pro- 
duced by changes in the nitrogen cycle, culminating in a chart which shows 
these relations graphically. Some attention will be given also to produc- 
tion of acidity and alkalinity resulting from transformations within the 
carbon and sulphur cycles. A subsequent paper will give experimental 
data bearing on a part of this cycle. 

It will be convenient in the following development to speak of the pro- 
duction of one equivalent of ‘‘acidity’’ as meaning also the disappearance 
of one equivalent of alkalinity, or a fraction of each, such that the sum of 
the fractional equivalents of acid produced and alkalinity disappearing 
will equal one; and conversely, with the production of one equivalent of 
alkalinity. 

1 Contribution from the Division of Agronomy, University of California, Davis, 
California. 


2 Citations to much of the literature bearing on this point will be reserved for later 
publication. 
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As acidity and alkalinity are measured by titrations, it is necessary to 
have a datum or end-point for reference. I have selected as the reference 
in the first part of this theoretical development a pH of 4.3, but shall extend 
the range both to the acid and considerably to the alkaline side of this point. 
This point was chosen because it represents the pH of the solution used as 
reference in the methyl orange titrations later employed, and is not far 
also from the iso-electric point of many of the proteins. The CO, of the 
atmosphere does not influence titrations at this pH. 


The cycle: Elementary nitrogen, ammonia, and nitric acid 


Since many factors, such as the other chemicals used in the media, the 
products of other reactions, the incompleteness of the chemical change 
involving nitrogen, etc., may somewhat complicate the titrations of the 
original materials and the final end-products of the reaction, it will be 
simpler to take transformations from the realm of inorganic chemistry in 
so far as possible. For purposes of comparison, an analogy between heat 
and acidity will be used. Changes in the amount of calorific heat in a 
system may arise from at least three different factors: 


A. By addition or withdrawal of heat from the system, 1.e., by 
changing the temperature but not the state of the system. 

B. By physical transformations within the system (such as 
liquid to vapor, etc.). 

C. By chemical transformations within the system itself. 


Similarly, titrable acidity (positive or negative) may change in a system: 


A. By addition of acid to or its withdrawal from the system. 
B. By physical transformations within the system. 
C. By chemical transformations within the system. 


The first is easy to understand and the second may occur, but probably 
not so prevalently with acidity as with heat. Considering factors A and B 
as constant in the discussion following, the effect of chemical transforma- 
tions will be considered ; as, for instance, a chemical reaction of great indus- 


trial importance: $+ <0, +H,0 =H,SO, + 103,240 calories.® 


The heat of this reaction is invariable no matter in how complex a system 
it may take place, as long as the initial and the final state points are the 
same. If in a complex system a different heat of reaction is obtained experi- 
mentally, this is evidence that some other reaction or reactions have taken 
place. Likewise if the reactants for this equation could be titrated to an 
end-point at pH 4.3, and the end-products titrated to the same pH, a change 


3 By computation from heats of formation of H,O and H,SO, given by HopemAn and 
LANGE (7). 
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of two equivalents of titrable acidity for each gram-atom of sulphur trans- 
formed will be secured. This reaction will always give these results no 
matter in how complex a system it takes place, provided the initial and 
final state points are the same and the end-point of titration is above pH 4. 
This must be true or the law of the conservation of matter would be violated. 

As with the heat of reaction so also with the titrable acidity of this 
reaction, it is immaterial whether the reaction occurs all at once or by stages. 

If the sulphur is used up in this reaction and it is known to be oxidized 
according to the reaction given, the change resulting in the increase of 
sulphate-ion is directly proportional to the heat evolved and also to the 
change in titrable acidity resulting from this reaction. Since in this de- 
velopment physical conditions are considered as being kept constant, and 
no additions of heat or titrable acidity are being made, no heat can be 
evolved nor titrable acidity arise except through chemical transformations. 

From the preceding analogy, it follows that changes in the amount of 
titrable acidity (considering alkalinity as negative acidity) are equal to 
the algebraic sum of the titrable acidities arising from each of the reactions 
taking place. In other words, in any system the total changes in titrable 
acidity (factors A and B remaining constant) are equal to the algebraic 
sum of the changes due to each individual reaction. It is the titrable acidity 
arising from each of many of the possible reactions within the nitrogen, 
sulphur, and carbon cycles which will be considered. 


ELEMENTARY NITROGEN TO AMMONIA 


A chemical process recently coming into great commercial prominence is 
the Haber-Bosch method for making gaseous ammonia. The reaction gen- 
erally ascribed to this process is as follows: 


N,+3 H,=2 NH. 
Since the reactants are not titrable with acid or alkali and therefore have 
a zero titration value, and since the NH, if dissolved in water may be 
titrated, requiring 1 mol of acid for each mol of NH,, then for each gram- 
atom of nitrogen fixed as ammonia one* equivalent of base (in this case 
ammonia) is produced. Thus a change of one equivalent of titrable alka- 
linity is produced for each gram-atom of nitrogen transformed from N, 
to NH,, no matter whether the action goes on in the Haber-Bosch process, 
or in nature through the fixation of nitrogen by a legume and the subse- 
quent decay of this crop’s residues to form NH,. 


ELEMENTARY NITROGEN TO NITRIC ACID 


In the are method of fixing gaseous nitrogen the process takes place in 
several steps, but a chemical reaction which would express the original 


materials and the final product is as follows: 
4 Theoretically it may be slightly less than one, as NH; is a weak base. 
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2N,+2 H,O+5 O,=4 HNO,. 


The initial material is considered to have zero titration value, but with the 
end-product of the process, nitric acid, one equivalent of acid is produced 
for each gram-atom of nitrogen changed. 


AMMONIA TO NITRIC ACID 


The transformation of ammonia to nitrate in the soil now has a counter- 
part in industry known as the Ostwald process (11). By the use of a plati- 
num catalyst and in several steps, the ammonia gas is transformed to 
nitric acid by the following over-all reaction: 


NH, +2 0,=HNO, +H.,0. 


On titration, the chemicals on the left side of the equation give one equiva- 
lent of base, and those on the right one equivalent of acid, for each gram- 
atom of nitrogen transformed. When nitrogen is changed from ammonia to 
nitric acid there is a net change of titrable acidity equal to two equivalents 
of acid for each gram-atom of nitrogen transformed. 

If NH, is neutralized by sulphuric acid to form (NH,).SO, and the 
nitrogen in the ammonium salt oxidized to nitrate, there will be present 
the original sulphuric acid and the nitric acid formed. In this transforma- 
tion for each mol of ammonium sulphate there will be produced four equiva- 
lents of acid. As there are two gram-atoms of nitrogen per mol of ammo- 


nium sulphate, there is an increase of two equivalents of titrable acidity 
for each gram-atom of nitrogen transformed. 


ELEMENTARY NITROGEN TO NITROUS ACID 


When the gases in the are process are dissolved in water, nitrous acid 
is formed according to the reaction: 


2N,+2 H,0O+3 O,=4 HNO,. 
Thus for each gram-atom of nitrogen transformed from elementary nitrogen 
to nitrous acid, one equivalent of titrable acidity is produced except as will 
be brought out later. 


AMMONIA TO UREA 


If ammonium carbonate is heated under appropriate conditions, urea 
results as follows: 


(NH,),CO, = (NH,),CO+2 H,0. 


Titrating the initial (NH,),.CO, we get an equivalent of alkalinity for 
each gram-atom of nitrogen, while practically urea, because it is a very 
weak base, gives none, except as will be brought out later when the acidity 
of the system is high. 
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Other nitrogen transformations 

From the preceding, we would predict that the transformation of 
nitrates back to N, would produce titrable alkalinity, and that of NH, 
to N, produce titrable acidity. As these reactions do not normally occur 
in inorganic chemistry, some reactions involving the formation of N, from 
nitrogen salts may be investigated. If the alkalinity produced by the 
formation of NH, from the union of N, and H, is neutralized by nitrous 
acid, ammonium nitrate is produced. On titrating, this will be prac- 
tically neutral. But ammonium nitrite decomposes on heating to form 
elementary nitrogen and water as: 

NH,NO,=N,+2 H,0. 
The final products are not titrable with acid or alkali and hence have a 
zero titration value. Very little or no change of titrable acidity is brought 
about by this reaction. 

On the other hand, if the alkalinity of ammonia is neutralized with 
nitric acid, ammonium nitrate is formed, which has for many practical 
purposes no titrable acidity. But NH,NO, decomposes on heating to give 
nitrous oxide (NO) and water, according to the following reaction : 

NH,NO, ———— N,0+2 H.0O. 


If nitrous oxide is dissolved in water, a very weak acid, weaker than car- 
boniec, is formed, H,N,O,. This acid is called hyponitrous acid. Only at 
high pH values would its acidity become manifest. Figure 1 illustrates 
graphically these relationships. 

Except as will be brought out later, N,, urea, ammonium nitrite, and 
ammonium nitrate are for most practical purposes neutral in reaction. 


some amines> 
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Fig. 1. Titrable acidity and alkalinity produced by changes in nitrogen cycle. 
Very little error arises in using this chart between pH values of 4.5 and 8 (see fig. 2). 
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Transformation of one gram-atom of nitrogen from any or all of the pre- 
ceding substances to ammonia will result in the production of one equiva- 
lent of alkalinity. Likewise the transformation of one gram-atom of nitro- 
gen from this group of substances to nitrate or nitric acid will result in the 
production of one equivalent of titrable acidity, no matter in how complex 
a system it takes place nor in how many stages, subject of course to the 
condition that factors A and B remain constant. 


Transformations of protein nitrogen 


From solution-culture and field studies, some details of which will be 
taken up in a subsequent paper, it is apparent that the medium becomes 
more acid when ammonium salts of strong acids, with the exception of 
NH,NO,, are used as a plant nutrient; also the medium becomes more 
alkaline when nitrates, except NH,NO,, are used. On the average, there- 
fore, the compounds of nitrogen in the plant must have a position on the 
chart somewhere intermediate between NH, on the one hand and HNO, on 
the other. Proteins are undoubtedly the chief class of nitrogenous com- 
pounds in normal plants, and therefore could be expected to lie on the 
chart somewhere between ammonium compounds and nitrates. 

A more direct means of determining the position of a given protein lies 
(1) in a consideration of its titration curve, and (2) in a consideration of 
its iso-electric point in so far as that might represent the pH of a suspen- 
sion of the pure protein in water. This assumption is on the basis of Lors’s 
work (8, p. 35). In soils, Marrson (9) has shown that when the iso-electric 
point is not at neutrality, some differences may arise between the two values. 

A few proteins will be considered as typical of all proteins. Discrep- 
ancies arising because any protein does not behave as do the types are, it is 
believed, of relatively minor importance in this connection. Some of the 
proteins selected are not found in plants, but because the titration curve 
and elementary composition of each are known, they are included. Those 
chosen, and the properties of each applicable to the present problem, are 
given below: 


Chemical elements pH of aqueous Investigators 
present suspension cited 


Gelatin C,H, 0,N 4.7 Logs (8, figs. 7, 13) 


Protein 


Durumin C, H, 0, N,S 5.9 HOFFMAN and GORTNER 
(6, table 78) 


Teozein C,H,0O,N,S : sp (6, table 79) 
Fibrin C,H, 0,N,S 2 es (6, table 81) 
Egg albumin C, H, O, N, 8S, P . Lors (8, figs. 4, 11) 


Casein 0H, 0, N, 8, P : LorB (8), HorrMan 
and GORTNER (6, table 80) 
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If we completely oxidize each of these proteins in turn with oxygen, dis- 
solve the end-products of the reaction in water, and titrate them to our 
reference pH of 4.3, in equilibrium with the atmosphere, the following re- 
sults are secured : 


In the original produces one mol = hava = ig 
protein each each of the iat" at aauaeaes 
gram-atom of acid below of acidity below 


Cc H,COo, 0 lost to the air 


Remarks 


N HNO, | almost fully neutralized 
8 H.SO, 2 oe 
2 


H,P0, z only 1/3 neutralized 


The nitrogen transformation from the protein, gelatin, at its iso-electric 
point to HNO, titrated at pH 4.3 would produce one equivalent of acidity. 
Gelatin may then be placed tentatively with N, on the chart. But it re- 
quired (8, fig. 7) about 1.5 ec. of 0.1 N HCl or H.SO, to bring 1 gm. of 
purified gelatin in 100 cc. of H,O from its iso-electric point of pH 4.7 to 
4.3, our reference point in titration. One gm. of gelatin assumed to con- 
tain 17.80 per cent. nitrogen fully oxidized would give 127 cc. of 0.1 N 
HNO,. The error then in placing gelatin with N, on the chart at pH 4.3 
would be approximately 1.5 divided by 127, or 1.18 per cent. Considering 
the HNO, formed as a measure of the nitrogen transformation alone (the 
H,SO, and H,PO, formed being credited to sulphur and phosphorus trans- 
formations) the errors involved in placing each of the proteins mentioned 
at N, on the chart can be computed in a similar manner. These are for 
durumin about 0.7 per cent.; for teozein, 0.1 per cent.; for fibrin, 0.3 per 
cent. ; for egg albumin, 0.8 per cent. ; and for casein, 0.5 per cent. 

It would be desirable to know the errors involved at other pH reference 
points. If the titration end-point be pushed up to the alkaline side soon 
a place is reached where no end-point can be secured in equilibrium with 
the atmosphere because of the CO,. We can then assume titration of the 
original gelatin and the products of its complete oxidation in a CO,-free 
atmosphere. Under such conditions, the CO, produced by the oxidation 
would be eliminated and the difference would be due to the nitrogen change 
alone. 

In titrating 0.8 gm. of purified gelatin in 100 ce. at a pH of 8.4 (about 
the phenolphthalein end-point), nearly 2.9 ec. of 0.1 N NaOH is required 
(8, fig. 13). The same amount of gelatin fully oxidized in equilibrium with 
a CO,-free atmosphere would require 101.5 ec. of the same strength of 
NaOH to neutralize it. At pH 8.4, then, an error of about 2.9 per cent. 
results from placing gelatin at the position of N., on the chart. 
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By arbitrarily attributing all of the error involved in the titration curve 
of each protein as due to the nitrogen change alone, the errors involved in 
placing these proteins at pH 8.4 at the position of N, on the chart are for 
durumin, 0.4 per cent.; for teozein, 0.4 per cent.; for fibrin, 4.0 per cent.; 
for egg albumin, 3.3 per cent.; and for casein, 7.0 per cent. 

Assuming no error from the titration curve as due to sulphur and phos- 
phorus changes, each gram-atom of sulphur in the protein would result in 
practically two equivalents of titrable acidity at pH 8.4 due to complete 
oxidation of the protein, while each gram-atom of phosphorus would like- 
wise result in about two equivalents of titrable acidity (H,PO, is about 2/3 
neutralized at pH 8.4). 

With the exception of gelatin, each of the proteins being considered re- 
sults, with complete oxidation, in acidity in excess of that due to the 
nitrogen change. Acidity arising from the H,SO, and H,PO, must be 
taken into consideration. 

With the definite placing of proteins on the nitrogen chart it is clearly 
seen that the transformation from nitrates to proteins will result approxi- 
mately in one equivalent of titrable alkalinity for each gram-atom of 
nitrogen changed. At the same time additional alkalinity will result from 
the sulphur transformation from sulphate to protein. Though phosphorus 
is normally not a constituent of plant proteins, it may enter into compounds 
whose titration curves are similar. Additional alkalinity would then re- 
sult. Any deviation from this would be contrary to the law of the conser- 
vation of matter, and therefore invalid. 

Although it would be desirable to have the pH of a suspension or solu- 
tion of the pure protein in pure water as the best experimental evidence at 
hand, such a pH may be secured indirectly by assuming that such a sus- 
pension is at, or very near, the iso-electric point of the protein in question. 
Assuming again that other methods of securing the iso-electrie point will 
give indirectly the pH of a water suspension of the pure protein, the iso- 
electric point of some other proteins is of interest. 

Thus Csonxka, Murpuy, and Jones (5) report iso-electric points of 
five albumins from pH 4.2 to 5.5, thirty globulins from pH 4.5 to 5.5, and 
five prolamines from pH 5.9 to 6.6. Csonxa and Jones (4) report two 
glutelins of wheat and one each of rice, oats, and corn as having iso-electric 
points of pH 6.45. Prarsauy and Ewine (10) report the iso-electrie points 
of some plant proteins as found by the precipitation methods. These varied 
from pH 3.2 to 5.6. Excluding three extremes, the rest varied but little 
from pH 4.5. CHIBNALL (3) reports iso-electrie points of leaf-cytoplasmic 
proteins from pH 3.5 for rhubarb to pH 5.1 for broad bean, with an average 
near pH 4.4. Other iso-electric points have been determined by others, but 
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these in general fall within the range already given, with the possible ex- 
ception of glutenin with an iso-electric point of 7.0, reported by TacuE 
(13). 

It is evident that many if not most of the proteins have iso-electric points 
close to those here presented whose titration curves are available. These 
observations allow us then to place proteins at the same place on the chart 
as N,, considering the errors presented almost negligible for many purposes. 

Table I lists some of the nitrogen transformations and the titrable acidity 
and alkalinity resulting from each at usual pH values. 


TABLE I 











| NET PRODUCTION IN EQUIVALENCES 
OF ACIDITY AND ALKALINITY PER 


NITROGEN TRANSFORMATIONS 
| 
| 
| 


GRAM-ATOM OF NITROGEN 
TRANSFORMED 





ACIDITY | ALKALINITY 


| 





Nitrogen fixation by legumes and bacteria to 
form proteins . 
Urea to proteins; proteins to urea 
Assimilation of NH, by plants (including lower 
forms) to form proteins 0... 
Nitrification of urea, proteins, etc. (net effect) 
Nitrification of NH, and NH, compounds 
Assimilation of nitrates (HNO,) by plants to 
form proteins 
Denitrification (nitrates to N.) 
Reduction of nitrates to ammonium compeanile 
(14, p. 182) . 











Some of the work done on denitrification is of interest in connection with 
table I. Alkalinity is produced when nitrates are denitrified and elemen- 
tary nitrogen is produced. Burri and Stutzer (2), in their work on de- 
nitrifying bacteria, found that the cultures rapidly developed alkalinity as 
the fermentation progressed. Although no figures are given, they found 
higher alkalinities to develop than could be attributed to decomposition of 
the nitrates. This increase they attributed to the transformation of some 
of the alkali citrates used in the media to alkali carbonates, and to the 
utilization of some more of the citrate radicle as a source of carbon by the 
organisms. 

By causing denitrification to take place with NaNO,, and especially 
with Sr(NO,)., SacHarowa (12) has carried the pH in one step to 8.5 and 
in another step from 8.5 to 9.4. No figures are available so far as we know 
to determine experimentally a quantitative relationship between the alka- 
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linity produced and the nitrogen transformed. According to our chart, 
for each gram-atom of elementary nitrogen formed there should be one 
equivalent of alkalinity produced. 

An experiment performed by Briovux (1) is also of interest in the light 
of the relations shown in figure 1. Using 0.5 gm. of urea in 500 gm. of soil 
having an initial pH of 6.45, he secured a pH of 8.5 in 48 hours, with a 
heavy production of ammonia as shown by Nessler’s reagent; and after 76 
days the pH had changed to 5.35 with the transformation of ammonia to 
nitrate. Our chart would have qualitatively predicted these results. 


Weak nitrogenous acids and bases 


Nitrogen transformations given in figure 1 that take place between pH 
5 and pH 8 follow the chart very closely and hence undoubtedly apply to 
most culture media. On account of the hydrolysis of weak acids and bases, 
however, errors of considerable magnitude may creep in where the pH is 
beyond these limits. 

Let us consider the dissociation of the weak acid H A. 


H A=H*+A- Then 


[H+] [A] __ 
ZA) 0° 


But log[H*] =-—pH 


In the case of a definite weak acid, K, is known. Then for a definite 
pH the ratio [A-] to [H A] is fixed and can be calculated. If the system 
be analyzed for [A-] the undissociated [H A] is secured also. With the 
sum of [A-]+[H A] known and their ratio [A-]/[H A] calculable, the 
concentration of A~- may be computed.® With a transformation in which 
H A is formed from some other substance (as for example HNO, from N, 
in figure 1), the change in the number of equivalents of H* which resulted 
from the transformation is equal to the change in the number of equivalents 
of A- produced by that transformation. The transformation affects the 
titrable acidity and in any but a highly buffered system this will change the 
pH, sometimes materially. The amount of such change in pH is dependent 
upon the buffer characteristics of the particular system. <A transformation 


5 Other undissociated molecules or complex ions in equilibrium with A- would lead 
to error by the use of this procedure, although the general theory is not invalidated 
thereby. 
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which would cause a great change in pH in a poorly buffered system would 
cause a very much smaller change in pH in a highly buffered system. 
Further consideration of this phase of the problem is beyond the scope 
of this paper. It is obvious that only the H* dissociated from the total H A 
formed is effective upon the pH of the system or in titration. The fraction 
of the total H A dissociated is 


[A™] WA 

3 [H A] 

[HA] + [A] 5 eee 
[H A-] 





i.e., the fraction dissociated is equal to the ratio TET AT divided by that 


ratio plus one. 
For HNO, we have by substitution in equation (1) 
[NO.”] 


log -THNO.1~ log (4 Xx 10-*) i pH. 


In table II are given the values of the ratio Pp pand the decimal 


fraction dissociated for given values of pH. 
TABLE II 


CALCULATION OF THE FRACTION OF HNO, DISSOCIATED AT DIFFERENT PH VALUES; DISSOCIA- 
TION CONSTANT OF HNO,=K, =4 x 10-* 





me [NO.-] » FRACTION 
8 [ HNO, } DISSOCIATED 


2.6 











1.6 


0.6 


1.0 


0.4 





0.04 0.038 


0.004 | 0.004 





Thus at pH 3.4 each gram-atom of nitrogen transformed to HNO, will 
result in but one-half of an equivalent of titrable acidity, and at pH 2.0 
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only 0.038 equivalent of titrable acidity, while at pH 4.0 there will be 0.80 
equivalent. 


rc aa fe 
A weak base dissociates into BOH @ B*+ OH- and [BOH] =K, 


[BY] 
log [OH-] + log 7BoH) ~°2 K, 


But log [OH-] = pH-14 (approximately at 25°C.) 
a aN 
(BOH] =log K,+14-pH. 

The dissociation constant of NH,OH is 1.8x10-°, and of urea is 
1.5x10-*. These data permit the setting up of similar tables for the frac- 
tions dissociated at different pH values for these substances (fig. 2). A 
typical protein, durumin, is also included from the titration curves mentioned 
earlier (from data of HorrMan and GortNER). 





Then log 
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Fig. 2. Titrable acidity and alkalinity produced by changes in nitrogen cycle at 
different pH values. Proteins represented by durumin, the curve of which is plotted 
from data of HorrMAN and GORTNER (6); other proteins have different curves. 


When weak acids and bases are involved in these charts, the pH of the 
system is of very great importance in determining the magnitude of the 
changes in acidity. In a poorly buffered system the transformations may 
cause marked changes in pH. For these conditions the chart gives with 
considerable accuracy the amount of strong acid or base which must be 
added to keep the system at a constant pH. 

It is believed that the number of transformations given here may be 
extended by the simple expedient of using or finding the titration curves 
or dissociation constants of the bases and acids not shown. Thus other 
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proteins, the various amino acids, plant alkaloids, ete., may be added. It 
is realized that a small source of error may arise because of the use of the 
concentration formulas rather than of a consideration of the activity of 
the various ions involved. It is believed, however, that this development 
together with the charts will give a general picture of the results of these 
transformations sufficiently accurate for many purposes. 


Sulphur cycle 


In biology, transformations of sulphur are also important. As is well 
known, these may influence the H-ion concentration of the medium. From 
a consideration of the dissociation constants of the various acids of sulphur, 
similar tables and a chart may be set up. These acids dissociate in two 
stages, each with a different constant. The values given by Hopaman and 
LANGE (7) are as follows: 


CONSTANTS FOR 


AcID First HYDROGEN SECOND HYDROGEN 
H.S S14 10° 12x? 
H.SO, 1.7x 107 5 x10 
es 8 OR cae 2 x10? 


Figure 3 shows the effect of these transformations on the titrable acidity 
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Fic. 3. Titrable acidity and alkalinity produced by changes in sulphur cycle at 
different pH values. 


at various pH values. Since the values for the titration curves of the 
proteins have been put into the nitrogen chart, the proteins in the sulphur 
chart are kept at neutrality through all of the pH values. It is interesting 
to note that a transformation of a gram-atom of sulphur as sulphide to 
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sulphate at pH 10 gives but one equivalent of titrable acidity, while the 
same transformation at pH 4 will result in two such equivalents. At pH 
10 the sulphides occur as BHS and the transformation is then to BHSO,, 
which at that pH is fully effective as a mixture of B,SO, and H,SO,; while 
at pH 4 the sulphide ion occurs practically undissociated as H.S and this 
is transformed to H,SO,, which at that pH is practically completely effec- 
tive as a fully dissociated acid. 


Carbon cycle 


As is well known, transformations within the carbon cycle influence the 
pH of the culture medium. The dissociation constants of many organic 
acids are available, but only a few will be considered here in order to reduce 
the confusion of the chart to a minimum. The dissociation constants of 
these from HopeMan and LANGE are as follows: 


DISSOCIATION CONSTANTS FOR 
AcID FIRST HYDROGEN SECOND HYDROGEN 
H,CO, 3x10" 6 x 10-4 
Acetic CH,COOH 1.86 x 10-5 
Formic HCOOH 2.14 x 10-4 


As compounds of carbon, the sugars, aleohols, and proteins are consid- 
ered as not contributing to the titrable acidity or alkalinity. It is true that 
the proteins have a titration curve, but these contributions of the proteins 


to titrable acidity are for convenience attributed to the nitrogen cycle. 
Figure 4 brings out some of the relationships in the carbon cycle. 
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Fig. 4,. Titrable acidity and alkalinity produced by changes in carbon cycle at 
different pH values. 
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Because of the weak acids involved, some interesting points are brought 
out. In a highly buffered system, one gram-atom of carbon as sucrose 
transformed to H,CO, at pH 12 or 13 will cause about two equivalents of 
titrable acidity to appear; at pH 8 to 9, about one equivalent of acidity; 
and at pH below 4.5, practically no change in titrable acidity. 

The change of sugars to acetic acid, which has two gram-atoms of carbon 
per mol, results in the production of about one-half equivalent of titrable 
acidity for each gram-atom of carbon transformed in the region from pH 6 
to more alkaline reactions. With the oxidation of acetic acid further to 
CO., especially at pH 5, the medium becomes more alkaline while at pH 12 
it becomes more acid. 

The transformations with formic acid are especially interesting. At 
pH 12 to 13 one gram-atom of carbon as formic acid is transformed into 
H,CO, with the production of about one equivalent of titrable acidity; at 
pH 8 to 9, with little or no acidity or alkalinity; and at pH 5, with the 
production of nearly one equivalent (0.9) of titrable alkalinity. 


Summary 


1. Relying upon the law of conservation of matter and from simple 
reactions in the main, it is shown that transformations from one form 
of nitrogen to another within the group N., urea, NH,NO,, NH,NO., and 
proteins cause very little or no change in titrable acidity or alkalinity. 
Transformations from any one or all of this group to ammonia cause the 
appearance of about one equivalent of titrable alkalinity for each gram- 
atom of nitrogen changed. Transformations from this same group to 
nitrie acid or nitrates result in the production of about one equivalent of 
titrable acidity for each gram-atom of nitrogen changed. 

2. When weak acids and bases are formed, the pH of the medium is im- 
portant in determining the amount of titrable acidity and alkalinity pro- 
duced. This is especially true in some of the transformations that may 
take place in the sulphur and carbon cycles. Charts showing these rela- 
tionships are given. 


The writer is indebted to Dr. C. S. Bisson for many helpful suggestions 
during the preparation of the manuscript. 
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PHOTODYNAMICALLY INDUCED TROPISMS IN PLANT ROOTS? 


H. F. Boum annvp KEK. G. Scorer 


(WITH FOUR FIGURES) 


MeETzNER (7) found that a positive phototropic response could be in- 
duced in the roots of wheat seedlings by growing them in dilute solutions of 
fluorescein dyes. Normally the direction of growth in these roots is not in- 
fluenced by light, but the presence of a very small concentration of dye 
(e.g., 1/500,000) brings about a definite bending of the roots toward the 
light. This phenomenon is of interest from two standpoints: the informa- 
tion it may give as to the mechanism of tropic bending in plants, and the 
bearing it may have on the phenomenon of photodynamic action in general. 
In conducting the investigations described in this paper, we have been con- 
cerned with both of these questions. 


Method 


In most of the experiments the wheat seedlings were grown on cheese- 
cloth suspended at the surface of a solution contained in a glass vessel. 
Roots so grown readily penetrate the cheese-cloth mesh and the direction of 
their growth may be observed through the walls of the vessel. In most ex- 
periments a solution was used having the following composition: KH,PO,, 


0.001 M; KNO,, 0.05 M; MgSO,, 0.002 M; CaNO,, 0.05 M. This solution 
has a hydrogen-ion concentration corresponding to about pH 4.5. In some 
experiments the concentration was adjusted to other values by the addition 
of 0.1 N KOH. To these solutions, erythrosin? was added when it was de- 
sired to produce phototropic responses. 

It was found that the effect of cylindrically walled vessels upon the di- 
rection of the light rays did not interfere with the production of phototro- 
pism, and various sized vessels of this type were used to suit the convenience 
of particular experiments. Light sources were several types of clear tung- 
sten-filament lamps. Various factors modify the magnitude of the reaction, 
of course, such as the concentration of the dye and the thickness of the dye 
solution between the light source and the roots; in any one set of experi- 
ments these factors were maintained as nearly constant as possible. <A con- 
venient arrangement for observing the phenomenon was found to be as 
follows: The roots were suspended at approximately the center of a cylin- 
drical glass vessel 6 em. in diameter, in a solution of 1/500,000 erythrosin 


1 This research was assisted by a grant from research, funds of the University of 
California. 

2Erythrosin Schultz no. 912, made by National Aniline Company. This is tetra- 
iodo-fluorescein. 
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at about pH 4.5, with a 40-watt concentrated tungsten-filament lamp, 40 
em. distant from the roots. These were approximately the conditions in 
most of our experiments; ordinarily they were performed in a black-walled 
room; otherwise precautions were taken to avoid any appreciable amount 
of light from sources other than the direct radiation from the experimental 
source. 


Fig. 1. Normal non-phototropic wheat roots, age 10 days. Light source on the right. 


Description of the phenomenon 


Under the conditions just described the roots show a definite orientation 
toward the light source within the course of a few hours. Usually the orien- 
tation appears as an abrupt bending toward the source of light, regardless 
of the position of the source (compare figure 1* with figures 2° and 3°). In 

3 It was found necessary to transfer the plants to flat-walled vessels for photograph- 


ing. This disturbed the roots to some extent so that the orientation appears somewhat 
less exact than in the original vessels. 
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some cases, by placing the source above the seedlings, it was possible to pro- 
duce bending of the roots through almost 180°, so that they grew nearly 
vertically upward instead of in the normal positively geotropic manner. In 
some cases a curious unoriented bending occurs before orientation toward 
the light becomes definite (figure 2); this is probably due to the effect of 
the dark reaction of the dye, which will be discussed in a later section, and 
possibly also to the shading of some roots by others at certain points in 


Fic. 2. Wheat roots 10 days old, sensitized after 5 days. Light source on the right. 


their bending. The growth of the roots after they have become oriented is 
usually not in a straight line, but in a series of short waves as is shown in 
figure 3 at A. It would seem that the root is caused to bend toward the 
light but bends too far and is reoriented. 

METZNER (7) has described variations in appearance of the induced 
tropism. He has separated the phenomenon into two types on this basis, 
active bending and passive bending. The former, in which the curvature 
is gradual, is produced by weak light and low dye concentrations. The 





528 PLANT PHYSIOLOGY 


latter, in which the curvature takes place at an acute angle, is produced by 
stronger light and greater concentrations of the dye. We have been able 
to produce a great variety of shapes by altering the dye concentration and 
light intensity, but it seems that MeTzNer’s types simply represent differ- 
ent degrees of the same process, and that there is no real justification for 
the separation of the two types. 


Importance of the growing tip 


It was found that the orientation occurs only in the region of the root 
tip. If a few millimeters of the tip are cut off, the root no longer orients 
toward a light source. Likewise, if a beam of light is directed above the 
region of the tip of a normally downward growing root, no bending occurs. 
This experiment was performed by restricting the light to a narrow band 
striking the root well above the tip. No bending of roots so illuminated 
was observed, but roots developing later in the same culture were definitely 
oriented as soon as they grew down into the beam of light. 

These results offer an explanation for the zigzag growth of the oriented 
roots described above (figure 3 A). The extreme tip of the root, or root cap, 
is composed of a large number of cells which proliferate from the root meri- 
stem but do not contribute to the elongation of the root; the significant 
length growth takes place in the region just behind the root cap, as a result 
of active cell division and increase in cell size in a limited zone. The photo- 
tropic orientation is apparently accomplished by a differential growth on 
opposite sides of this zone of active growth, the growth being less rapid on 
the side toward the light source, so that the root tip bends in that direction. 
In paraffin sections this differential growth appears as a less degree of elon- 
gation of the cells on the illuminated side of the root than on the dark side. 
When by this process of differential growth the long axis of the root be- 
comes oriented parallel to the light rays, the apical region of the root shields 
the actual growing region from the light, so that the effect of the light upon 
growth ceases. The differential rate of growth continues for a time, how- 
ever, until the tip reaches a position at which it is differentially illuminated 
again. The side of the root previously least illuminated now receives the 
greater amount of light and orientation occurs in the opposite direction. 
This process is repeated, producing the effect illustrated in figure 3 at A. 

Under the microscope we have been unable to determine from paraffin 
sections whether there is any degree of penetration of the dye into the roots. 
The macroscopic staining of the roots, however, indicates a considerable ac- 
cumulation of the dye at the surface at least. This staining is unequal, in 
general being greatest in the root cap and least in the region of growth just 
behind. It is probable that the least viable cells are the most readily 
stained, as is characteristic for fluorescein dyes, and that the staining in the 
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less rapidly growing regions may be due to the accumulation of the dye in 
dead or dying cells, particularly in the region of the root cap where cells 
are being constantly sloughed off under normal conditions. Certainly there 
is no indication that the macroscopic accumulation of the dye marks the 
region of greatest effective photochemical action. 


Fic. 3. Wheat roots 10 days old, sensitized after 2 days. Light source on the right. 


Dark reaction 

Most photodynamic dyes produce destructive effects in cells when in suf- 
ficient concentration, even when they are carefully protected from light 
(Buum 3). This is particularly true of the fluorescein dyes, so that it is 
not surprising to find a marked effect of non-irradiated erythrosin on wheat 
roots. Boas and MERCKENSCHLAGER (4) found that the roots of sprouting 
barley seeds were caused to undergo strange, unoriented bending by the 
addition of fluorescein dyes to the solution in which they were sprouted, al- 
though they were not actually growing in the solution. Our wheat roots 
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were likewise found to exhibit unoriented bendings within a few hours 
after they were introduced into the erythrosin solutions, although carefully 
maintained in the dark; these would seem to be similar to those described 
by Boas and MERCKENSCHLAGER. It was also observed that growth of the 
roots was distinctly delayed. It seems probable that the bending is due to 
the unequal rate of penetration of the dye on opposite sides of the root, 
growth being delayed most on the side where penetration is the most rapid. 

Buvum (1) suggested that the photodynamic phenomena as observed are 
the resultant of two reactions, the dark reaction and the photo-reaction. 
Buium and McBripe (2) have also shown that the two reactions are essen- 
tially different in that the photo-reaction requires the presence of molecular 
oxygen, whereas the dark reaction does not. It would seem that in the case 
of plant roots the dark reaction is capable of producing root bending by the 
differential delay of root growth, but that this differential effect is increased 
and given a definite orientation by the light reaction. The roots usually 
continue in a more nearly straight-line growth after the first bending, when 
it may be assumed the dye has penetrated more evenly at all surfaces of the 
root. 

Parallel with the findings of JopLBAVER and Harrner (6) and of BLuM 
(1) that the hemolysis of red blood cells by non-irradiated fluorescein dyes 
is favored by increased hydrogen-ion concentration, it was found, in gen- 
eral, that the bending of the roots was more pronounced at pH 4.6 than at 
pH 7, and that the delay of root growth was also greater in the more acid 
solution. If the hypothesis of Buum (1) is correct, the phototropie orienta- 
tion involves two important components, the photo-reaction and the dark 
reaction. The first, of course, varies with the concentration of dye and with 
the intensity of incident light; the second should vary with the concentra- 
tion of dye and with the hydrogen-ion concentration. Optimum conditions 
for phototropic bending must depend upon the proper selection of condi- 
tions with respect to these factors, and also, apparently, with the age and 
normal rate of growth of the root. It is difficult, therefore, to make gen- 
eralizations with regard to the réle of the various factors involved. For in- 
stance, our observations indicate in general that the phototropic bending is 
more pronounced at pH 4.6 than at pH 7.0. With strong light intensities 
this may be reversed, however, owing apparently to the delay of growth in 
the more acid solution to such an extent that the phototropie curvature is 
not observable. 


Active radiation 


Numerous investigators have made approximate determinations of the 
wave lengths of radiation active in bringing about photodynamic effects 
(Buum 3). All such determinations indicate that these effects are depen- 
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dent upon a photochemical reaction in which the dye molecule is activated 
by light. The following experiments have been conducted to determine the 
wave lengths active in inducing phototropic bending in wheat roots sensi- 
tized with erythrosin. 

In these experiments a 500-watt Mazda lamp of the projection type was 
employed as a source, and various Corning glass filters were used to restrict 
the wave lengths incident on the photosensitized roots. The energy incident 
upon the roots was varied by placing them at different distances from the 
source, the reciprocal of the square of the maximum distance at which ori- 
entation of the roots in the direction of the source could be determined 
being taken as an index of the threshold intensity. 
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Fig. 4. Absorption curves of dye (E) and filters used. 


It was found that no orientation could be obtained when the light was 
passed through Corning filter 348, which absorbs all radiation in the visible 
below 570 muy, or through Corning filter 986, which absorbs between ap- 
proximately 400 and 700 my. Thus the wave lengths active in producing 
orientation lie between 400 and 567 my. The erythrosin solution which was 
used in the experiments absorbs in the visible between 445 and 570 muy, so 
that these experiments indicate at once that the active wave lengths lie 
within the absorption spectrum of the dye. 

A still more definite correspondence between the active radiation and 
the absorption of the dye is shown by an analysis of the data for filters 
transmitting in the region of absorption of the dye. It is obvious that the 
true threshold intensity should be that quantity of incident radiant energy 
which is absorbed by the photosensitizer in the roots. This quantity of en- 
ergy was estimated in the following way. The transmittance of the dye 
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solution used (1/500,000 erythrosin) was determined for various wave 
lengths by means of a spectrophotometer. According to BEEr’s law for ab- 
sorption in solutions 


— log T, = le K, (1) 
where T, is the transmittance or fraction of the incident light of wave 
length ) which is transmitted, 1 the thickness and ¢ the concentration of the 
absorbing solution, and K, a constant for the particular wave length ). 
Assuming that the sensitized region in the plant root represents a given 


thickness of dye solution of a given concentration, | and e may be taken as 
constant, so that 


— log T, = K, (2) 

Thus —log T, may be taken as an index of the relative absorption of 
light of wave length ) by the dye in the sensitized region of the root, re- 
gardless of the actual concentration of dye or the thickness of this region. 
The values of —log T, must be corrected for the emission of the source, and 


when filters are used, for the transmission of the filter. If L represents the 
corrected values, we may write 

L=I, 8, (— log T)) (3) 
where I, is the energy emitted by the source and S, the transmittance of 
the filter at this wave length. When no filter is used S, is unity, of course; 
and when a filter is used whose transmission is outside the absorption of the 
dye, S, is 0. 

Relative values of I, for various wave lengths were obtained by caleu- 
lating from WIEN’s equation (Harrison 5) the emission of a black body at 
3280° K. This latter value is the maximum color temperature for a 500- 
watt Mazda projection lamp, the type used as a source. The values of 8, 
for the various filters used were determined by the spectrophotometer. 

Further corrections are necessary for a rigid treatment which, however, 
do not greatly alter the magnitude of the threshold values obtained. Actu- 
ally we are not interested in the incident energy but in the relative number 
of light quanta incident. 

If N, is the number of quanta for intensity I, 

I, 
N, = = 


. ec 
and since v = x 
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where v is the frequency, ¢ the velocity of light, and h is PLANcK’s con- 
stant. 
Since h and ¢ are constant, we may write 


Ny =A I, 
where N, is the relative number of quanta. 
Correcting according to (3) we obtain 


Ni =A 1, 8, (— log T,) (7) 


Under the conditions of our experiment the light must traverse a given 
thickness of dye solution before reaching the root. The absorption in this 
layer is not, of course, the same for the different wave lengths. In our ex- 
periments the thickness of solution between the root and the source was not 
exactly the same in all cases, but may be assumed as 1 em. since the roots 
were suspended as near the center of tubes 2 em. in diameter as was reason- 
ably possible. To correct for this factor the values of N, were all multi- 


plied by the transmittance of 1 cm. of the dye solution. Since T, was cal- 
culated for 1 em. of solution, the equation corrected for this factor becomes 


N, = 1, 8,7, (8) 


This latter correction may amount to 30 per cent. of the light quanta at cer- 
tain wave lengths. 

In figure 4, E represents the absorption curve of the dye corrected as 
above, and curves for the various Corning glass filters used are each indi- 
cated by the number of the filter. The areas under the various curves were 
obtained by measuring with a planimeter. The ratio of the area under any 
curve to the area under the total absorption curve E indicates the propor- 
tion of the light absorbed after passing a given filter to the total absorption 
without a filter. These ratios are the values A in table I. The relative 
value of the radiant energy which will just produce orientation of the sensi- 
tized root, 7.e., the threshold value, should be 

A 

d? 
where d is the distance from the source at which orientation can just be de- 
tected. 

Obviously, if our assumptions are correct, there should be a certain de- 
gree of agreement between these threshold values. This is indicated by the 


A ‘ 
data in table I, where the values of qe are certainly of the same order. 


Some difficulty was incurred in selecting the distance at which orientation 
first occurs. Since the roots are caused to change their direction of growth 
by the action of the dye even in the absence of light, some roots will nearly 
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TABLE I 


(SEE TEXT FOR EXPLANATION OF SYMBOLS) 








A 
A a X10 








1.6 
1.6 
1.4 
1.0 
2.0 
2.0 
1.3 
1.3 
2.5 
1.9 
2.3 
1.9 
1.6 
1.4 


1.00 


0.16 


| 
| 
| 
} 
| 


ceoootortorortror+r Ot OF 





| 
| Average=1.8 | 


| 





always be directed toward the source. For this reason orientation was con- 
sidered to have taken place only when a majority of the roots showed a 
characteristic sharp bending toward the light. To indicate the good agree- 
ment of the values of d thus taken, the values have been recorded in table I 
for both the greatest distance at which orientation was observed and the 
least distance at which no orientation occurred; these values were obtained 
from the results of five to eight experiments. It will be seen that the devia- 
tion from the average value is within 40 per cent., which may be considered 
as good agreement for this type of experiment. More exact values could 
probably be obtained by more precise measurements, but those obtained 
show a sufficiently close agreement to indicate definitely that the primary 
reaction in the phototropic phenomenon is the activation of the dye mole- 
cule by light. 


Question of oxygen requirement 
Attempts were made to determine whether the removal of oxygen would 
inhibit the phototropism, since, as pointed out by Bum (3), molecular oxy- 
gen is characteristically required in photodynamic phenomena. It was 
found, however, that removal of the oxygen to a low level by bubbling N, 
through the solution inhibited the root growth in itself, so that fair com- 
parison could not be made with roots grown in air. Although this question 
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remains without definite answer for the present, it may be fairly assumed 
that molecular oxygen is necessary for induced tropisms, since this has been 
demonstrated in numerous other photodynamic phenomena. 


Discussion 


The phenomenon of photodynamically induced tropic bending in wheat 
roots would appear to be based upon the same type of photochemical reac- 
tion as other photodynamic effects, namely, an oxidation of cell constituents 
by molecular oxygen, the dye acting as a photosensitizer. The effects of this 
reaction are modified, apparently, by the dark reaction of the dye. The 
bending appears due to a differential growth on the two sides of the root, 
whatever the mechanism of its production. The dark reaction may play a 
very important part in this differential growth, since in general the total 
length of roots grown in the dark in the dye solutions is found to be consid- 
erably less than those grown in the absence of dye. The introduction of dye 
causes unoriented bending of the roots, probably due to unequal penetration 
and consequent unequal inhibition of growth on opposite sides of the root 
as suggested above. It may be that the photochemical reaction itself serves 
only to alter the permeability of the growing cells to the dye, thus giving an 
orientation to the delay of growth by the dye. This question, of course, can- 
not be answered by our experiments. 

The bearing of the phenomenon on tropisms in non-sensitized plants is 
difficult to determine at present. It seems reasonable to propose, however, 
that phototropic bendings may be based upon photochemical reactions of 
the same type as the photodynamic phenomena. In such ease it would be 
necessary to assume that a photosensitizing substance of the general type of 
the photodynamic dyes is present. This is not an unreasonable assumption, 
since various porphyrins are found among plants and such compounds gen- 
erally produce photodynamic effects. Further generalization cannot be 
made without thorough cytological investigations. 


Summary 


1. Phototropiec bending in the roots of wheat seedlings induced by the 
action of erythrosin and light are described. 

2. It is probable that the phototropic bending represents the combined 
effect of the photo-reaction and the dark reaction of the dye. 

3. The wave lengths of light producing the phototropic bending corre- 
spond to the absorption spectrum of the dye, indicating that the dye acts as 
a photosensitizer. 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 
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NUTRIENT ELEMENTS USED BY LEAVES AND GROWTH 
OF APPLE TREES* 


EDMUND BURKE AND H. E. MORRIS 


Introduction 


Considerable study has been given to the influence of fertilizers on the 
chemical composition of various parts of the tree and of the fruit, but the 
problem as to when the tree requires its greatest food supply has received 
comparatively little attention. Previous work by the writers indicates that 
the blossoms, leaves, and early growth remove much of the plant foods 
stored in the tree during its dormant period and that during the early 
growth the tree makes its greatest demand on the nutrient elements in the 
soil. The purpose of the present study was to determine to what extent the 
new leaves and early spring growth utilize the plant foods stored in the 
dormant tree, and the amount taken from the soil. The samples of apple 
tissue used in this investigation were obtained from the MecIntosh-Morello 
Orchard in the Bitter Root Valley, Montana. 

MurnNEEK (4) maintains the necessity of an abundance of nutrients at 
certain critical periods for apyle trees, such as during full bloom and pre- 
ceding the June drop. Roserrs (5) suggests that the failure to set is due 
to nutritional causes rather than to a lack of pollination or fertilization. 
Gour.LEY (1) states that twig growth practically ceases by July 1, and 
shows by charts that the greatest rate of growth is during the early grow- 
ing period. How.ett (2) gives in tabulated form the amount of nitrogen 
removed by flowers up to full bloom, and in his discussion of the relation 
of water supply to first drop states: ‘‘However, the question is still unde- 
cided as to whether the fall of bloom from spurs under ordinary cireum- 
stances is not due more to a deficiency of nitrogen than to a deficiency of 
water.’’ Loew (8), after analyzing the bark of cherry trees for several 
seasons before and after full bloom, found that after the blooming period 
the bark had lost 37.16 per cent. of protein, 30.35 per cent. of fat, and 40.59 
per cent. of starch. 

No attempt is made to cite all the literature relating to the importance 
of an abundance of plant nutrients when the tree is in blossom and leafing 
out. Suffice it to say that the value of an abundance of plant foods in the 
tree and in the soil has been recognized by several investigators. 

Unpublished data by the writers show that fertilizers, especially nitrog- 
enous fertilizers, do have a decided influence on the chemical composition 


1 Contribution from Montana State College, Agricultural Experiment Station, Paper 
no. 28, Journal Series. 
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of the apple fruit, twigs, leaves, and fruit spurs; and that the blossoms, 
young leaves, and new wood growth are exceptionally rich in nitrogen, 
phosphorus, and potassium. In the blossoms, young leaves, and new wood 
the percentages of these elements were greater than at any subsequent 
period. As a matter of fact, there was a decrease in the percentages of 
these plant nutrients in the leaves from their early formation until they 
dropped in the autumn. The twigs contained the greatest percentages of 
nitrogen and phosphorus while the tree was dormant, and the least at about 
the time the leaves had attained their normal size. These results seem to 
indicate that the greatest demand on the plant nutrients in the tree and soil 
is made at about the time the tree is in full bloom and the leaves and early 
growth are very active. 
Experimentation 


In the spring of 1930, two apple trees of nearly equal size and vigor, 
growing near each other and about 20 years old, were selected for analysis. 
These trees were growing on a soil low in plant food, especially nitrogen, 
hence the annual terminal growth had not averaged more than 3 to 4 inches. 
One tree, designated the dormant tree, was removed April 9, while in a 
dormant state and the other, designated the active tree, was removed June 
11, at about the time the leaves had attained their normal size. 

The material was divided into root, trunk, large limbs, small limbs, and 
twigs. The green weight of each division, except the roots, was determined 
before samples were taken for analysis. Samples of the 1926, 1927, 1928, 
and 1929 growth were also taken for analysis. In addition the leaves and 
spring (1930) growth were removed from the limbs of the active tree, 
weighed, and sampled. 

The nitrogen, phosphorus, calcium, and magnesium contents were deter- 
mined by methods adopted by the Association of Official Agricultural Chem- 
ists. The potassium content was determined by the perchloric acid method. 
The moisture content of each sample was determined. A sufficient quan- 
tity of roots from each tree was dug to secure representative samples, but 
no attempt was made to remove the entire root system. The results of all 
analyses are calculated on the water-free basis. 


Chemical data 


Table I gives the percentages of five mineral nutrients found in the 
trees. It shows that in the dormant tree there is a gradual reduction in 
the percentages of these plant nutrients from the 1929 growth to the trunk, 
but that the roots are relatively rich in these nutrients. This general trend 
is also apparent in the rapidly growing tree. It is of interest to note that 
the percentages of all plant nutrients, except potassium, are higher in the 
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dormant tree. This indicates that a considerable amount of these nutrient 
elements is stored in the tree and its root system during the dormant period. 
Potassium is not stored in the newer wood, but is found in largest quantities 
in the large limbs, trunk, and roots of the dormant tree. 


TABLE I 


PERCENTAGE OF NITROGEN, PHOSPHORUS, POTASSIUM, CALCIUM, AND MAGNESIUM IN A 
DORMANT AND IN A RAPIDLY GROWING APPLE TREE 


(PERCENTAGES CALCULATED ON WATER-FREE BASIS) 








TREE NO. 1 (DORMANT) 





L 
MATERIA Pros- 


A ALCIUM 
reoave PorassiuM| CALC 


NITROGEN 





%o % % % 
1929 growth 0.900 0.1787 0.484 1,948 


1928 growth 0.565 0.1156 0.191 0.985 
1927 growth 0.405 0.1068 0.177 0.953 
1926 growth 0.380 0.0855 0.164 0.904 
Small limbs 0.245 0.0655 0.135 0.629 
Large limbs (scaffold) 0.195 0.0409 0.147 0.534 
Trunk 0.120 0.0293 0.098 0.285 











Roots 0.450 0.1579 0.394 0.655 








TREE NO. 2 (ACTIVE) 





Leaves and 1930 growth 1.800 0.3720 1.840 1.419 0.2741 
1929 growth 0.425 0.1263 0.490 | 1.583 0.0678 
1928 growth 0.335 0.1008 0.351 | 1.124 0.0508 
1927 growth 0.250 0.0957 0.299 0.955 0.0531 
1926 growth 0.250 0.0831 0.245 | 0.975 0.0557 
Small limbs 0.195 0.0813 0.219 | 0,883 0.0548 
Large limbs (scaffold) 0.130 0.0534 0.059 | 0.471 0.0415 





Trunk 0.095 0.0464 0.043 | 0.219 0.0183 

















Roots 0.175 0.1212 0.039 0.537 0.0688 





The storage of potassium during dormancy differed from that of other 
nutrients examined, in that the percentages were considerably lower in the 
1926 to 1929 growth, inclusive, in the dormant tree than in the rapidly 
growing tree. The analyses indicate that the percentages of potassium 
present in the different parts of the tree probably are influenced largely by 
sap flow. As the sap recedes most of the potassium finds its way to the roots 
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and lower portions of the tree, where it remains until the sap again rises. 
Insoluble compounds of potassium are rare and it is reasonable to assume 
that most of the potassium is in solution and that its distribution is gov- 
erned by the flow of the sap. 

Nitrogen and phosphorus differ from potassium in that they form many 
insoluble organic compounds. It is therefore reasonable to suppose that 
during the autumn months they migrate from the leaves to the new wood 
where they form insoluble compounds and remain during the dormant 
period. <A portion of these elements, however, does find its way to the older 
wood and even to the roots. 

Calcium behaves somewhat like potassium. With the exception of the 
1929 growth, the percentages of calcium are higher in the upper portion 
of the active tree than in the dormant tree, which indicates an upward 
movement of the calcium in the tree when it became active. 

Magnesium behaves more nearly like nitrogen and phosphorus in its 
distribution during the flow of sap, and it probably forms insoluble com- 
pounds which are stored in the younger growth during the dormant period. 

Assuming that the two trees are alike, it is apparent from the data pre- 
sented that the leaves, blossoms, and new growth make a tremendous de- 
mand on the plant food stored in a dormant tree. 


TABLE II 


WEIGHT OF NITROGEN, PHOSPHORUS, POTASSIUM, CALCIUM, AND MAGNESIUM IN DIFFERENT 
PARTS OF TREES NO. 1 AND NO. 2. TREE 1 (DORMANT) SAMPLED APRIL 9, 1930; 
TREE 2 (ACTIVE) SAMPLED JUNE 11, 1930 








TREE NO. 1 (DORMANT) 





Dry Puos- | Poras- 
WEIGHT PHORUS SIUM 





gm. gm. gm. 
Twigs and small limbs 17,288 19.54 39.24 


Large limbs (scaffold) 11,088 4.53 16.30 
Trunk 5,532 1.60 5.42 
Total 33,908 25.67 60.96 











TREE NO. 2 (ACTIVE) 





Leaves and 1930 growth 5,625 20.93 | 103.50 
Twigs and small limbs..........| 15,470 15.01 49.66 
Large limbs (scaffold) 10,853 5.75 6.40 
Trunk 4,703 2.16 2.02 

Total 36,651 43.85 161.58 
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The total weights in grams of the five nutrients in the trees, exclusive 
of the roots, are given in table II. The active tree was somewhat smaller 
than the dormant tree, and even if the percentages of plant nutrients had 
been as great the total weight would be less. The data given in table III 
are a recalculation of the data given for the active tree in table II, assuming 
that, exclusive of 1930 growth, it was equal in weight to the dormant tree 
and that the amount of plant nutrients was increased in the same ratio. 
According to the data given in table ITI, there were 116.25 gm. of nitro- 


TABLE III 


WEIGHT OF NITROGEN, PHOSPHORUS, POTASSIUM, CALCIUM, AND MAGNESIUM WHEN 
TREE NO. 1 AND TREE NO. 2 ARE CALCULATED TO EQUAL WEIGHTS 








TREE NO. 1 (DORMANT) 





Dry 
WEIGHT 


CAL- 
cIuM 


Poras- 
SIUM 


PHOSs- 
PHORUS 


MAGNE- 
SIUM 





gm. 
17,288 


11,088 
5,532 
33,908 


gm. 
19.54 


4.53 
1.60 
25.67 


gm. gm. 
39.24 192.93 


16.30 59.21 
5.42 15.77 
60.96 267.91 


gm. 
15.39 


4.56 
1.94 
21.89 


Twigs and small limbs 


Large limbs (scaffold) 
Trunk 
Total 


























TREE NO. 2 (ACTIVE) 





Leaves and 1930 growth 
Twigs and small limbe............ 
Large limbs (scaffold) 
Trunk 





Total in twigs, small limbs, 
large limbs, and trunk........ 
Grand total 


6,147 
17,288 
11,088 

5,532 


33,908 
40,055 


110.65 
60.00 
14.41 

5.26 


79.67 
190.32 


22.87 
16.77 
5.88 
2.54 


25.19 
48.06 


113.10 
55.49 
6.21 
2.38 


64.08 
177.18 


| 16.84 
9.68 
4.66 
1.00 





253.30 | 15.34 

















340.46 32.18 





gen in the dormant tree and 79.67 gm. of nitrogen in the active tree, ex- 
elusive of leaves and 1930 growth. This means that the leaves and 1930 
growth have drawn on the reserve nitrogen supply to the extent of 36.58 
gm., but as the leaves and 1930 growth contained 110.65 gm. of nitrogen, 
the additional supply of 74.07 gm. was derived from the roots and soil. 

The total weight of phosphorus in the dormant tree was 25.67 gm., while 
that in the active tree, exclusive of leaves and 1930 growth, was 25.19 gm., 
a loss of less than 0.5 gm. The leaves and 1930 growth contained 22.87 gm., 
however, an excess which must have come from the roots and soil. 
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The weight of potassium was 60.96 gm. in the dormant tree and 64.08 
gm. in the active tree, exclusive of the 1930 growth. The 1930 growth and 
leaves contained 113.10 gm., making a total of 177.18 gm. of potassium in 
the active tree. This means that 116.18 gm. had to be taken from the roots 
and soil. It is evident from the analyses given in table I that a considerable 
portion of that amount was taken from the roots, for the percentage of 
potassium in the roots of the dormant tree was ten times the percentage 
found in the roots of the active tree. 

The weight of caleium found in the dormant tree was 267.91 gm., while 
that found in the active tree, exclusive of leaves and 1930 growth, was 
253.30 gm. This means that the active tree, exclusive of leaves and 1930 
growth, had lost 14.61 gm. while the leaves and 1930 growth had taken up 
87.16 gm. From this calculation the leaves and 1930 growth took 72.55 gm. 
of calcium from the roots and soil. 

The weight of magnesium in the dormant tree was 21.89 gm. against 
15.34 gm. in the active tree, exclusive of leaves and 1930 growth. The loss 
in the active tree was 6.55 gm. This means that the leaves and 1930 growth 
derived 10.29 gm. of magnesium from the roots and soil. 


Discussion 


In considering the data presented it must be remembered that they 
represent the analyses of only one set of trees, and it is doubtful whether 


the analyses of another set would check these data in every detail; but any 
differences would probably not affect the interpretations. The percentages 
of nitrogen, phosphorus, and potassium in the 1929 growth of the dormant 
tree (table I) were comparable with those found in twigs collected from 
other orchards in the same fruit section where apple trees were making a 
greater growth and producing normal crops. However, the nitrogen in the 
leaves and 1930 growth collected on the same day from adjacent orchards 
contained from 2.12 to 2.25 per cent. Leaves from trees fertilized with 2 
pounds of ammonium sulphate and 2 pounds of sodium nitrate per tree, 
in the spring of 1929 and in 1930, contained as much as 2.57 per cent. of 
nitrogen. These data indicate that the amount of nitrogen in the active 
tree and in the soil was not sufficient for normal growth. The lack of plant 
nutrients was further indicated by the fact that this tree blossomed heavily 
but failed to set fruit. 

The phosphorus content of the leaves and 1930 growth of the active 
tree was somewhat greater than the content of comparative samples taken 
from unfertilized trees in another orchard, and from trees which had re- 
ceived a liberal application of phosphate fertilizer in the springs of 1929 
and of 1930. This indicates that the phosphorus supply was sufficient for 
normal growth and fruiting. 





BURKE AND MORRIS: NUTRIENT ELEMENTS OF APPLE TREES 543 


The potassium content in the leaves and 1930 growth of the active tree 
was somewhat lower (1.84 per cent. as compared with 1.80 to 2.25 per cent.) 
than that found in ten samples from other trees which were making normal 
growth and fruiting. The leaves and new growth make a heavy potassium 
demand on the tree and soil, yet it is doubtful whether this percentage was 
sufficiently low to affect the fruiting or to interfere with the photosynthesis 
of the leaves. 

Summary 

1. Knowledge regarding the nutrient requirements of a tree, especially 
during early spring, is of great importance in conducting fertilizer ex- 
periments. 

2. The results of this investigation showed that the leaves and new 
growth of an apple tree secured from the roots and soil 66.9 per cent. of 
their nitrogen, 97.9 per cent. of their phosphorus, 100.0 per cent. of their 
potassium, 83.2 per cent. of their calcium, and 61.1 per cent. of their mag- 
nesium. 

3. The active tree made a large demand on the nitrogen supply, re- 
ducing the amount stored in all parts of the tree. 

4. Nitrogen stimulates tree growth more than either phosphorus or 
potassium, and when it is found in the soil in an available form in sufficient 
quantities the tree makes a normal growth and the leaves are large and 
dark green in color. The leaves on the active tree were small and light 
green in color, which confirms the belief that a lack of nitrogen was respon- 
sible for subnormal growth and failure to set fruit. 

5. The phosphorus demand decreased the supply in the 1926 to 1929 
growth and in the roots, while the supply in the large and small limbs 
increased. Comparative data indicate an ample supply of phosphorus for 
normal growth. 

6. The percentage of potassium increased in all parts of the tree above 
the small limbs, but showed a decided decrease in the large limbs, trunk, 
and roots. The supply of potassium in various parts of the tree is largely 
influenced by the sap flow. 

7. Calcium behaved similarly to nitrogen, and magnesium was similar 
to potassium in its movement. 

8. A tree making rapid growth in the spring cannot depend entirely 
upon the nutrients stored within it, but must secure a portion of its supply 
from the soil. 

9. It is important that soils in which trees are grown contain an ample 
supply of nutrient elements and that the soil be sufficiently moist to keep 
them available for early spring growth. ; 
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CONTROLLED THERMOSTATS FOR PHYSIOLOGICAL STUDIES 
AT LOW, NON-FREEZING TEMPERATURES 


F. C. STEWARD 


(WITH TWO FIGURES) 


The frequent necessity for temperature control comparable with that 
commonly practiced in physico-chemical investigations is now somewhat 
generally recognized by plant physiologists. When merely a single, arbi- 
trarily chosen temperature is adequate, the use of the now familiar gas or 
electrically heated ovens or thermostats which operate above room tempera- 
ture offers no difficulty. In some respects, however, the physiological 
interest in temperatures between 0° C. and room temperature is greater 
than that in temperatures of the higher ranges. Especially at low tem- 
peratures it is unsafe to presume that a physiological process will have a 
constant temperature coefficient irrespective of the range chosen. For many 
purposes, therefore, it is desirable to carry out physiological determinations 
simultaneously at several selected, controlled, low temperatures. Not all 
laboratories have at their disposal a series of such control rooms, and even 
where these are available it is not always practicable to adjust them with 
the precision often required, or to repeat in separate chambers other equip- 
ment incidental to the study in question. 

The arrangement here described consists of three relatively large water 
baths which may be maintained continuously at almost any desired tem- 
perature greater than 0° C.1. The design of the baths offers the maximum 
amount of free space, and their size is adequate for relatively large-scale 
operations to be conducted in duplicate at each temperature if desired. The 
total cost is not excessive, and for a moderate outlay provides all the advan- 
tages of a large refrigerator cabinet plus three chambers whose tempera- 
tures may be accurately controlled at will. The whole arrangement, 
although compact, is somewhat more extensive than commonly assembled 
on the laboratory scale. 


Cooling unit and cabinet 


The recent advances in domestic refrigeration have developed a variety 
of standard refrigerators which have met with extensive laboratory use. 
The outlay for the larger finished models, including both unit and cabinet, 
is usually considerable, and they are not altogether adaptable for experi- 
mental purposes. The refrigeration units can be separately purchased at 


1If necessary, the output of the unit would be adequate to use for at least one 
bath below 0° C. 
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much lower cost, however, and incorporated with laboratory apparatus. In 
the arrangement to be described an Electrolux unit was utilized. This 
model contains no moving parts, is noiseless in operation, and involves the 
minimum of installation as it requires only access to the mains and fixed 
feed and waste pipes for condenser water. The maximum output available 
from the model used (series 20 unit) is 1200 B.Th.U. per hour (302 
Kg. cal.). This is somewhat larger than can be obtained from single units 
of the domestic type, although there is no reason to suppose that two smaller 
units operating side by side would not be equally satisfactory. This, how- 
ever, might involve greater difficulties in mounting. 

The unit described normally operates in a vertical position with its 
cylindrical cooling surface in air, but for the purpose in question it is more 
suitably immersed in fluid. This can be effected by building around the 
cooling surface a stout galvanized iron tank (10x13x26 inches). To 
facilitate this arrangement, a rectangular plate may be welded? to the 
horizontal’ 2-inch pipes (technically known as the ‘‘gas heat exchange’’) 
connecting with the cooling surface, and to this the tank can be rigidly 
bolted, all joints being packed with red lead to prevent leakage. In this 
way the cooling surface can be immersed in any desired fluid, about 150 
liters of which are required to cover it. The unit, which weighs some 370 
lb. (117 Kg.), is securely bolted to a rigid framework having adequate sup- 
ports for the cooling tank. It is necessary to reduce radiation loss from the 
tank to a minimum. To this end, and also to provide much of the conve- 
nience of a standard refrigerator, the cooling tank is surrounded by a large, 
double-walled, insulated cabinet, leaving the boiler, condenser coils, etc., 
outside at the rear. The space between inner and outer wall (2 in.) is 
completely filled with sheet refrigerator cork of this thickness. For the 
walls of the cabinet, horizontally arranged tongued and grooved boards 
(% in. thick) are adequate. In an improvized structure of this kind hinged 
doors are likely to cause leaks; tightly fitting, ‘‘hatch’’ doors (double- 
walled and cork-insulated), which can be removed entirely when desired, 
are much more satisfactory. The cabinet illustrated in the diagram (fig. 1) 
has one such in the lower front center (36” x 3”) ; one in the top (12” x 19”) 
allows access to the cooling tank; and a third (in the upper right side) is 
available for general access to the cabinet and is useful when it is necessary 
to remove accumulated frost from the sides of the tank. The total internal 
volume of the cabinet is 16 cu. ft.; of this about 2 eu. ft. are oceupied by 
the cooling tank itself and the remainder (of which about 9 cu. ft. are 
present as a single unobstructed chamber beneath the cooling tank) is avail- 
able for general cold storage purposes. Experience has shown that this 


2 This is best done by the manufacturer before the unit is charged with hydrogen 
and ammonia. 
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arrangement, constructed by relatively unskilled labor, is effective and has 
all the convenience of a much more elaborate and expensive cabinet, espe- 
cially if excessive external demands are not made upon the output of the 
unit. In the arrangement illustrated in figure 1 no great precision was 
demanded when using the cabinet, but there is no reason why thermostatic 
control should not be incorporated if desired. An even larger cabinet could 
be built around the unit if adequate insulation could be provided. 


Circulating system 

The cooling surface, immersed in fluid, offers a source of cold which 
may be distributed at will. Of the two solutions commonly used for re- 
frigeration purposes, calcium chloride and glycerin, the latter is more 
satisfactory. It appears to be less corrosive to the copper cooling coils, and 
the viscosity of a 40:60 glycerin-water mixture by volume is not excessive. 
The maximum efficiency of the unit is obtained at an extraction temperature 
of —5° ©., and the concentration stated is more than adequate to prevent 
freezing at temperatures below this. The cold glycerin-water mixture, 
drawn off from the base of the cooling tank, is circulated through copper 
coils (internal diameter 0.25”, external diameter 0.375”) situated at the 
base of each of the three thermostats. Figure 1, first compartment, illus- 
trates this point. (To avoid overcrowding the diagram, the features of the 
three baths are shown in separate compartments in figure 1, although actu- 
ally the fittings were replicated in all three baths. Also the circulating 
system has been shown diagrammatically and not exactly as in situ.) Each 
coil has four complete turns and the inlet and outlet are securely fixed to 
the teak wall with suitable unions. Leads, shown diagrammatically in figure 
1, are arranged so that the cooling fluid traverses the three coils separately 
(coils in parallel) and passes by a common return to the top of the cooling 
tank. In this way, by controlling the rate of flow (using taps T,, T,, T;) 
to each of the three coils, the baths can be maintained at different tempera- 
tures. Experience shows that much greater control can be exercized and 
the desired temperatures more readily obtained if the flow through the coils 
ean be changed at will from parallel to series. In the latter case the cooling 
liquid passes in turn through all three cooling coils at the same rate and 
three different temperatures are maintained in the baths. For this method 
the total rate of flow is controlled by tap T, (7.,, T, are closed) and the 
two-way taps (7,, T;, T,) are adjusted as indicated in the lower part 
of figure 1. Since radiation from the external copper leads is considerable, 
all connections and metal portions must be insulated, leaving only the con- 
trol taps free. A double layer of tightly wrapped thick felt provides a 
convenient and effective insulation. To maintain an adequate circulation 
of the cooling mixture, a small gear pump, such as is used for oil cireu- 
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lation in an automobile engine, is inserted in the cooling circuit. The 
pump actually in use is the normal fitting for an Austin car, but this has 
been fitted with a gland around the driving spindle to prevent leakage of 
the glycerin mixture. The pump is driven by means of a chain and 
sprockets from the main drive of the apparatus. Two speeds are obtained 
by using two sizes of sprockets on the pump spindle. Since the efficiency 
of the cooling system depends upon a uniform rate of flow of the glycerin 
mixture, the chain drive described is preferable to a belt drive. When 
using the coils in parallel, the total flow is of the order of a pint a minute, 
but when using the coils in series it is considerably smaller. 


Thermostats 

The three thermostats, each of which has a volume of about 5 cu. ft., 
are constructed of stout teak 1.25” thick, jointed and the joints sealed with 
red lead, and have a 3-inch space packed with insulating material sur- 
rounding them on two sides and the base (figs. 1,2). It proved more con- 
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Fig. 2. Plan of one bath. Drawn by N. WaArr. 





venient to eliminate insulation along the length of the apparatus, as this 
was required for fixtures (taps, pipes, relay boxes, ete.). The three-vaned 
stirrers shown pull surface water down a cylindrical chimney, made of sheet 
zine, and project it along the base of the bath to the heater and thermo- 
regulator situated diagonally opposite. The stirrer shafts are mounted on 
ball bearings and operate by endless leather drives from a common shaft 
(2” diameter, mounted on four self-adjusting ball bearings) which revolves 





550 PLANT PHYSIOLOGY 


at approximately 200 R.P.M. Each bath is supplied with a heater and 
thermo-regulator cirenit. By slightly overcooling the baths the heaters 
operate intermittently, and more constant control of temperature is ob- 
tained than if the constancy of output of the unit and rate of flow in the 
coils were the sole regulating mechanism. By this means the temperature 
variation in the baths does not markedly exceed the sensitivity of the 
heater and regulator circuit. Thermostatic devices are common and 
familiar. The one adopted has been described by Hume (1). It has been 
used with success in other work (2), and is simple and inexpensive, operat- 
ing directly from A.C. mains. The heaters used were also of the type 
described by Hume. A long compact U-tube mercury thermo-regulator 
with one fixed and one adjustable platinum contact was fitted to each bath 
(fig. 1). It is a simple matter to vary the volume of mercury in the regu- 
lator and thus control the temperature at which the relay operates. 

Thus far the thermostat fittings, etc., are such that the baths could be 
adapted .to almost any physiological investigation involving various tem- 
peratures. With but little alteration the water baths could be converted 
into air chambers. This actual equipment, however, was intended for use 
in respiration and salt absorption studies analogous to those described else- 
where (3). A technique for this work under controlled conditions has 
already been described (2), but this did not include the use of more than 
one temperature in any one experiment, and this of necessity was greater 
than room temperature. In fact the large bath there shown has in con- 
junction with the apparatus here described frequently formed a fourth 
and higher temperature. Two of the 4-liter containers previously described 
(2), complete with aeration device, stirrer, and gas-tight mechanical bear- 
ings, can be accommodated in each compartment. Figure 1 (second com- 
partment) and figure 2 illustrate the baths complete with two containers 
for the respiring material, modified Reiset towers for carbon-dioxide de- 
termination, and a second copper coil through which the flowing gas for 
aeration passes before it enters the first of the experimental vessels.* The 
mechanical stirrers for each respiration vessel are also operated from the 
main shaft by pulleys made in two sections, whose mutual adjustment con- 
trols the gear ratio for this drive. 


Working directions 
It is unnecessary to give detailed working directions. A fairly constant 
room temperature (15°-18° C.) standardizes the losses due to radiation and 
increases the stability of the whole system. It is inadvisable to insert the 
full load suddenly, but more satisfactory to cool down the three compart- 


8 For further details of the devices used in regulating the flow and composition of 
gas, see (2). 
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ments one by one to the desired temperature, and then to adjust the flow 
of the glycerin mixture to the minimum amount necessary to maintain it 
(with only intermittent use of the heaters), before inserting another bath 
in the circuit. In this way a low cooling tank temperature is preserved and 
the unit exerts its maximum output. All possible necessary adjustments 
(rate and direction of flow of glycerin, stirring, relays, ete.) are under the 
control of the operator. As approximate criteria of the efficiency of the 
unit, the temperature of the issuing condenser water, the temperature at 
the base of the brine tank (which rises when the unit is overloaded), and 
the presence of ice on the cooling tank and on the external portions of the 
unit (which indicates a reserve of output) are adequate. When the ex- 
ternal circuit is eliminated the three-step control fitted to this unit may 
be adjusted to maintain a low cabinet temperature (22° F.) without ex- 
cessive current consumption (500 W). 

By using this apparatus it has been possible to carry out efficiently and 
reliably, over relatively long periods of time, experiments upon respiration 
and salt absorption at a variety of temperatures between 0° C. and room 
temperature. It is suggested, however, that the utility of the system de- 
scribed is not confined to experiments of this nature, but that granted ordi- 
nary workshop facilities, a complete laboratory unit which embodies a 
large cold-storage refrigerator cabinet and three accurately controlled low 
temperature baths can be constructed at a moderate cost. 


The writer desires to acknowledge his indebtedness to Professor J. H. 
PRIESTLEY, who generously provided the facilities incidental to the develop- 
ment of this technique. For some technical mechanical suggestions he is 
indebted to Mr. S. G. RicHarpson, of the Department of Engineering, Leeds 
University, and for technica] assistance with regard to the cooling unit to 


Mr. Taytor, of the Leeds branch of the Electrolux Company. 
UNIVERSITY OF LEEDS 
ENGLAND 
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NEW METHOD OF ARRANGING EXPERIMENTS WITH VEGE- 
TABLES IN SAND CULTURES WITH FLOWING SOLUTION? 


Z. ZURBICKI 
(WITH THREE FIGURES) 


There is a field of research in which it is necessary to keep the contents 
and concentration of nutrient solutions uniform, and therefore sand cul- 
tures with flowing solutions are used. The necessary uniformity in the con- 
tents of the nutrient solution can be achieved by regulating the flow of the 
liquid. In the laboratories of PRIANISHNIKOFF (Agrochemical Experimen- 
tal Station) and in the Agricultural Section this method was successfully 
used to determine the reaction of plants to different forms of nitrogen nu- 
trition under different conditions, as well as to study the influence of dif- 
ferent relations of the elements of the nutrient solution to the development 
of the plants. By such arrangement of the experiments one can be sure that 
during the entire period of growth the plants are feeding either with am- 
monia or with nitrate nitrogen. All possibility of the slightest nitrification 
is excluded by the rapid flow of the solution. The reaction of the medium 
varied within narrow limits, fixed by the measurements of pH solution flow- 
ing in and out of the vessel. 

The method applied up to now, having been taken in principle from that 
of ALLISON and SuHIvE (1), is described by Dickoussar (2). Part of the 
arrangement remains unaltered even with the use of mechanization of the 
flowing sand cultures, therefore it is described briefly. The general view of 
the apparatus is shown in figure 1. The supply of 16 liters of nutrient solu- 
tion for two days and sufficient to fill two vessels (B, and B,) is placed in a 
bottle tightly closed with a rubber stopper. Through the stopper, the glass 
tube 1 and the siphon 2 are inserted. By means of siphon 2, the solution is 
transferred into the intermediate flask C. Atmospheric air enters the bottle 
A through tube 1. The solution will flow through siphon 2 from A to C 
until the level of the liquid of jar C reaches the height fixed by the position 
of the lower end of the tube 1, admitting the air. When the liquid at both 
ends of the siphon comes to a level the transfer of liquid stops. The solu- 
tion goes from jar C through siphon 3, to vessels B, and B, along the two 
branches of siphons 4, and 4,, the speed of flow of the solution being regu- 
lated by a screw clamp or glass cock. A uniform speed of flow for the two 
vessels is fixed approximately, and by experience a speed is selected so that 
the jar will be drained in a given time. Such regulation is hard to control 


1 Contribution from the Central Scientific Research Institute of the Sugar Industry, 
Agricultural Section. 
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Fie. 1. Diagram of apparatus for control of flowing culture solutions. 





and there is no certainty that the two vessels (B, and B,) are getting the 
same amount of solution, and that the quantity delivered to each will be 
sufficient for the given time. It is especially difficult to work with the screw 
clamp since the rigidity of the rubber tube weakens with time, and the flow 
may stop altogether. The intermediate jar C maintains a steady level and 
creates a uniform pressure in siphon 3, or it would lower with the diminish- 
ing of the liquid in jar A, and the flow of the solution would gradually 
diminish. 

The vessels B, and B, have at the bottom of each a glass tube closed by a 
rubber cork, with a glass tube inserted through it. To prevent the sand 
from entering this glass tube, it is covered with glass wool. (The solution 
obtained through this glass tube serves to determine the reaction.) The 
drops of the nutrient solution dripping from tubes 4, and 4, are falling 
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always at the same point in the vessel. At the same place there is a column 
of sand being permeated by the solution. The rest of the area of the vessel 
is not irrigated by the solution, and the spreading of the solution over the 
largest part of the vessel is greatly handicapped. 

This circumstance is considered to be one of the greatest defects of this 
system. To start the apparatus it is necessary to force air into the tube 1 
until siphon 2 is filled with liquid, then to draw the solution into siphon 3 
through tube 4,, and to regulate the flow through the offshoots 4, and 4, by 
means of stop-cocks. During the summer of 1931, the greenhouse of the 
Agricultural Section modified this method in a manner that greatly facili- 
tated the work. With the new equipment mechanized and uniform distri- 
bution of the nutrient solution in the parallel vessels (B, and B,) is ob- 
tained. Within 2-3 minutes it can be calculated how long a given amount 
of solution will last at a given speed of flow; a thorough gravitational flow 
of liquid through the vessels is also obtained. 

The experiment was carried out with four vessels, since work on beets 
with two vessels is impracticable because of the great variability of crops. 
All four vessels were supplied with solution from a 16-liter bottle (A) with 
the same intermediate jar C as in the previous experiment. The siphon 3 
was changed. Instead of the two offshoots 4, and 4, it had only one, which 
was introduced at the center between the two vessels. 

This offshoot is connected with triplet 1 (figure 2). In the upper arm of 
the triplet there is a glass cock to regulate the flow of the nutrient solution 
simultaneously to all four vessels. The two side arms of the triplet project 
2-3 em. beyond the border of the adjacent vessel. Through the triplet the 
nutrient solution is divided into two equal parts for the vessels a and b on 
one side and for the vessels c and d on the other side. The whole triplet is 
made of uniform glass tubes (2 mm. in diameter) with side arms drawn out 
to make the outlets as uniform as possible. The exact division of the flow- 
ing liquid into two equal parts is obtained by slight turning of the support 
3 in which triplet 1 is clamped. The slightest declination of the triplet 
from its perpendicular position is sufficient to change the amount of liquid 
flowing from each arm. The accurate adjustment of the triplet before use 
may be verified by measuring the flow of the solution. The further dis- 
tribution of solution between vessels a and b on one side and c and d on the 
other is accomplished by the swinging curved tubes 2 fastened to a common 
metal support. The general arrangement of the apparatus can be seen 
in figure 2. The details of the swinging tubes are given in figure 3. In 
position 1 (figure 3) the drops of the nutrient solution are falling from the 
triplet into tube 1; with accumulation of the fluid in the tube the center of 
gravity of the whole system moves towards the position a, since the solution 
in tube 1 changes its position to the left of the fulerum. At a certain 
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moment tube 1 tips the entire apparatus into position 2; the fluid from tube 
1 is flowing into the culture vessel, while the nutrient solution is entering 
tube 2. After the tube has been filled with a certain amount of solution, 
it tips the apparatus again into position 1. Tubes 1 and 2 must both be of 
exactly the same glass and bent at exactly the same angle. Before the 
experiment is started they are both adjusted to deliver the same amount of 
nutrient solution. This adjustment is accomplished simply by changing 





Fic. 2. Photograph of apparatus for regulating flow of culture solutions in sand. 


their positions in the holders, and by finally balancing accurately with the 
additional weight 4 (figure 3), which works along the screw. 

Before arranging the experiment the amount of fluid delivered is mea- 
sured. It is difficult to make the apparatus regulate the flow exactly, but 
this is not imperative, since it is indifferent for the plants, whether the 
nutrient solution is supplied in portions of 15 or 17 ee. It is important 
only that both tubes deliver exactly the same amount of the solution, and 
distribute it equally between the vessels. The number of ee. the apparatus 
delivers is recorded for each apparatus. 

Every now and then during the vegetative period a check of the setting 
should be taken. To do this it is not necessary to measure the amount of 
fluid delivered ; it is sufficient merely to check the time necessary to fill one 
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of the tubes. With exact adjustment both tubes are filled in the same period 
of time. Since the amount of solution delivered from each tube is given, 
it is easy to caleulate whether the contents of the supply bottle will last 
until the time of changing the fluid at the set speed of flow. Emptying of 
the tubes into the vessels is done quickly. To prevent washing out of 
the sand, several glass plates are introduced in such a way as to have the 
solution spread over half of the surface of the vessel. Each morning the 
vessels are turned 180° so that each half may be equally irrigated. By 
adding to the length and width of the bent collecting tubes, the amount of 
simultaneously received solution may be increased. This makes possible 


| 


Fig. 3. Diagram showing details of swinging tubes. 


a still more uniform irrigation of the entire vessel. The delivery of the 
solution in portions is greatly to be preferred to drip delivery, which was 
the old method. 

The solution from the siphon is thus distributed into four parts. First 
the division takes place in the triplet, and second at the bottom ends of it 
through the swinging tubes. Opening up one cock simultaneously delivers 
the nutrient solution to four parallel vessels in exactly the same amounts, 
while before it was necessary to guess at the delivery of the solution to each 
vessel by regulating a screw clamp. It is not necessary to adjust the cock 
every day, since the triplet is always full of the solution even if the supply 
jar is empty. It is sufficient to replace the empty supply jar with a full 
one, and to add the solution to the intermediate jar to have the entire system 
at work again. 

During the day the temperature of the solution flowing through the 
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tubes rises noticeably and sometimes causes accumulation of air bubbles in 
the triplet, which stops the outflow of the liquid. To let the air bubbles 
escape it is necessary only to give the cock of the triplet a full turn. It is 
advisable to have an extra set of supply jars, as we did in our experiments, 
and to prepare the nutrient solution a day before it is needed. This enables 
one to feed the plants continuously during the growing period. 

To prevent the solution from developing algae both jars are covered 
with black and white paint. All the parts out of the jars are first painted 
with black lacquer, then with white lead. The white color prevents the 
solution from getting exceedingly hot. In recently published work, 
PIRSCHLE (3) recommends covering the surface of the vessels with procelain 
balls, dipped in a mixture of paraffin with coal. The black color of the 
balls prevents the vessel from developing algae. PrirscH ez also rejected the 
previous methods of sand cultures on account of their defects, which I have 
pointed out previously, and adopted a system of pouring a certain amount 
of nutrient solution into the culture vessel by hand every 4 hours. 

This method can hardly be called a successful one; besides, it calls for a 
night shift. It prevents the constant conditions required and introduces 
changing ones. The humidity in the vessels is changing, since the develop- 
ing plants in 4 hours are liable during the day time to evaporate a large 
proportion of the water retained in the sand. The concentration of the 
nutrient solution is changing, and the reaction (pH) changes very greatly. 
These changes in reaction might not have been noted in PirscHLE’s work 
if the reaction is considered to be the average pH value of the delivered 
nutrient solution, rather than the pH of the first portions of the solution 
displaced by the entrance of fresh nutrient solution. 

As ean be seen from our practice and bibliographical data, the methods 
applied up to the present do not satisfy investigators. The method sug- 
gested here for mechanization of flowing sand cultures is a great step for- 
ward in the improvement of the method itself, and also greatly facilitates 
the care of the experimental cultures. 


INSTITUTE OF THE SUGAR INDUSTRY 
Moscow, U.S. 8S. R. 
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CHARACTER OF HEMICELLULOSE IN CERTAIN FRUIT 
TREES* 


In extension of earlier observations on the nature of hemicellulose in 
apple wood,” it has seemed desirable to compare the nature of this extrac- 
tive in different species. Branch tissue of two seasons’ growth was taken 
in August from apple, cherry, and pear; but in the case of peach and plum 
one year’s growth was used. After drying at 55°, with bark attached, the 
material was ground to pass a 100-mesh sieve. A sample of 100 gm. from 
tissue freed of lipides, sugars, and starch was hydrolyzed for 3 hours with 
2 liters of boiling 1.0 per cent. (wt.) H,SO,. Sugars were then separated 
from the neutralized extract by means of hot alcohol. The loss of weight 
through extraction was taken as the hemicellulose content and the result- 


TABLE I 
PERCENTAGE DISTRIBUTION OF FREE SUGARS IN THE HEMICELLULOSE EXTRACT OF 
FRUIT TREE BRANCHES 








HEMICELLU- | FREE SUGARS IN HEMICELLULOSE 
SPECIES LOSE IN — 
DRY WOOD GALACTOSE | GLUCOSE XYLOSE 








Apple . anad 20.1 | 4.5 + | 48.2 47.3 
Cherry ram 15.4 0.08 * 30.0 70.0 
Peach zs 21.4 0.13 * 18.7 


Pear . ect 23.8 3.7 + 58.4 
Wilt uae | 21.7 | 2.7 + | 44.6 
| | 
* Values given were obtained by WHITTIER’S procedure (Ind. & Eng. Chem. 16: 744, 
1924) following negative values derived by the Official Method; hence the + estimation 
for the other samples. If, as is highly probable, these values are largely due to presence 
of galacturonic acid, the values for xylose should be correspondingly reduced. 





ing sugars were determined by conventional methods as given in BROWNE’S 
Handbook of Sugar Analysis. Deduction for the reducing powers of galac- 
tose and xylose gave a residual value here expressed as due to glucose, in 
the assembled data of table I. 

The principal variations within the free sugar fraction are seen to be 


1 Published with permission of the Director of the Wisconsin Agricultural Experi- 
ment Station. 
2 Jour. Biol. Chem. 45: 407-414. 1921; Ind. & Eng. Chem. 16: 139-192. 1924. 
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very low contents of either galactose or galacturonic acid in the cherry and 
peach, together with exceptionally high proportions of xylose in these same 
species. It was found that the alcohol-insoluble fraction of hemicellulose 
in both cases contained nearly equal proportions of glucose and xylose. 
The results for the apple differ somewhat from those reported in the earlier 
examination cited, but the season of sampling and method of hydrolysis 
differed also. 

Small samples of hemicellulose extract were prepared by the preceding 
methods. These were neutralized, fractionated, and subjected to determi- 
nation of uronic acids by the usual decarboxylation procedure. The data 
obtained are shown in table II. In conjunction with the low yields of 


TABLE II 
PERCENTAGES OF URONIC ACID EQUIVALENT IN THE HEMICELLULOSE OF FRUIT-TREE 
WOODS, EXPRESSED ON BASIS OF ORIGINAL DRY WOOD 








SPECIES APPLE | Currey | PEACH PEAR 





. Decomposed in hydrolysis 0.21 0.41 | 0.20 0.20 
. Free sugar fraction 27 0.74 | 0.90 0.81 


- Non-free fraction ................. 2. | 1.26 | 1.54 1.95 





. Total - 3.5 | 2.41 2.64 2.96 











. No. 2 as percentage of No. 4 : 31 | 34 27 








* Negative value obtained. 


mucie acid associated with the cherry and peach, as reflected in galactose 
values of table I, the values for these species in table II seem to suggest the 
occurrence of a factor other than galacturonic, such as glucuronic acid. It 
may be observed that the uronic acid equivalent of the free sugar fraction 
constituted about 30 per cent. of the total in the hemicellulose in most cases, 
but twice as much in the plum. 

From the use of data in tables I and II, computations have been made 
of the proportions of both free (7.e., of free sugar fraction) and total uronic 
acid in the hemicellulose of species here considered. The free acid ranged 
from about 3 to about 6 per cent., and the total from 10 to 15 per cent., of 
the hemicellulose. From the point of view of proportions involved, glucose 
and xylose would seem to be equally significant reserve components in the 
hemicellulose fraction. It is interesting to note that the supposed conver- 
sion of glucose to xylose had been more extensive in these samples of cherry 
and peach woods than in the other cases. These particular species are 
notable for their capacity to form pentose gums. Here, also, the transition 
through the intermediate hexuronic acids has been remarkably complete, 
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little more than traces of the latter remaining in the tissues—W. E. 
ToTtincHAM, Department of Agricultural Chemistry, University of Wis- 
consin. 


EXAMINATION OF STARCH AND HEMICELLULOSE EXTRACTS 
FROM APPLE WOOD 


This brief statement is presented in the hope that it may prove of ser- 
vice to those having occasion to determine starch and hemicellulose in woody 
tissues. Omitting citation of specific cases, mention may be made of preva- 
lent dissatisfaction with the current method of expressing these fractions in 
terms of reducing power of their extracts. The observations were made on 
apple branches of one year’s growth, with bark attached. Samples were 
ground to pass a 100-mesh sieve. After the usual extractions by ether and 
hot aleohol, the starch fraction was removed by use of salivary amylase. 
The hemicellulose fraction was extracted subsequently by boiling in 2.0 per 
cent. H,SO, for one hour. 

Based upon the nearly equal reducing power of the common hexoses and 
pentoses, and the similarity of their anhydride factors, the reducing power 
of these extracts has been expressed as hexosan. In a preliminary series 
of samples the percentage of glucosan in the material extracted varied as 
follows: Sugar fraction 23.5 to 42.7, av. 30.3; starch fraction 41.9 to 88.5, 
av. 67.6; hemicellulose fraction 16.1 to 35.6, av. 26.9. 

In another series of samples the starch and hemicellulose extracts were 
analyzed for contents of pentosan, uronic acid anhydride, crude protein, 
and ash, in addition to the usual determination of reducing power. Using 
the CO, yield in distilling with 12 per cent. HCl as a measure of uronic 
anhydride, it has been assumed? that the latter would yield 16.7 per cent. 
of furfural. KRorBeEr’s tables gave the average factor of 1.7 for convert- 
ing furfural to its pentosan equivalent. From these two values was derived 
the factor 0.3 for converting uronic anhydride to its pentosan equivalent. 
The ‘‘true’’ pentosan content has been derived by subtracting this last 
equivalent from the total value of the function in question. Subtraction 
of the pentose equivalent of ‘‘true’’ pentosan from the total reducing 
power gave a value considered to be the true glucosan or starch. It must 
be recognized that the uronic acids contribute to this function but in minor 
degree, as a result of decomposition. There appears to be no basis, how- 
ever, for evaluating this function. 

In eight samples the starch extract gave recoveries as follows: ash 10 to 


1 Published with permission of the Director of the Wiscgasin Agricultural Experi- 
ment Station. 

2NANJI, D. R., Paton, F. J., and Line, A. R. Decarboxylation of polysaccharide 
acids. Jour. Soc. Chem. Ind. (Trans.) 44: 253T-258T. 1925. 
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26 per cent., av. 15; crude protein 5 to 26, av. 10; uronic anhydride 9 to 37, 
av. 23; pentosan 6 to 19, av. 12; ‘‘true’’ starch 27 to 62, av. 39; total deter- 
minations 89 to 150,° av. 100. The individual values have been computed 
to percentages of their respective samples of wood and the ‘‘true’’ starch 
compared with the usual expression for this factor. These results appear 
in table I, wherein successive pairs of samples represent differences in 
either cultural or developmental conditions which might be expected to en- 
tail a lesser starch content in the second sample. It may be seen that the 
‘‘true’’ starch content exhibits wider ratios than the conventional starch 
values, in relation to tissue conditions, while the other carbohydrate con- 
stituents vary irregularly. 

A similar examination of the hemicellulose extract resulted as follows: 
ash 9 to 17 per cent., av. 13; crude protein 1 to 4, av. 3; uronic anhydride 
12 to 27, av. 21; pentosan 19 to 38, av. 25; ‘‘true’’ glucosan 1 to 34, av. 15; 
total determinations 65 to 92, av. 77. As computed to percentage of the 
tissue, the results are presented in table II. From these it appears that no 
consistent correlation exists between any or all of the carbohydrate constitu- 
ents and the cultural history of the tissue. Furthermore, the ‘‘true’’ gluco- 
san content varied independently of the ‘‘true’’ starch content. In these 
respects the hemicellulose fraction seems to be less definitely and directly 
related to plant performance than is the starch fraction. 

It is recognized that the element of assumption is retained in the pres- 
ent treatment. Moreover, the results with one sample indicate that the 
compensations here applied are not generally applicable without either 
modification or reservation. Nevertheless the data appear to be more in- 
formative than the conventional values. From the quantitative aspect, 
starch was decidedly more prominent than the uronic acid constituents ex- 
tracted with it; and the accompanying quantities of pentoses were rather 
insignificant. In the hemicellulose extract, on the other hand, the lead in 
proportion of extractives rotated among the constituents in question.— 
HENRY OTTERSON AND W. E. TottineHam, Department of Agricultural 
Chemistry, University of Wisconsin. 


DETECTION AND ESTIMATION OF FORMALDEHYDE WITHIN 
THE CELL OF A GREEN PLANT BY THE ALLISON 
APPARATUS 


(WITH ONE FIGURE) 


Most theories consider formaldehyde the first or at least an early step 
in the formation of sugars from carbon dioxide and water by the green 


3 Only one sample approached this departure, the next highest recovery being 114 
per cent. 
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plant. The demonstration and estimation of this compound within the 
plant cell is therefore of great importance. 

The inadequacy of the usual chemical methods is well presented by 
SporuR' and until now no satisfactory method has been found. The work 
of Kier and WERNER? and of Potiacct and BreraaMascui® with dimedon 
appeared to give proof of the presence of formaldehyde in photosynthesiz- 
ing plant cells. Barton-Wricut and Pratt* have shown, however, that 
formaldomedon is formed when a solution of sodium bicarbonate is exposed 
to light in the absence of green plants. 

Important factors that must be considered in a test to detect formalde- 
hyde in photosynthesizing plant cells are: 1. Is the test specific? 2. Is it 
sufficiently sensitive? 3. Is the substance detected present in the normal 
cell and not, as may happen in macerated tissue, a decomposition product? 

The ALLIson® * apparatus furnishes such a test. It gives readings spe- 
cific for each compound in solution regardless of others that may be pres- 
ent. Compounds are detected without change. The requirements are that 
the solution must be sufficiently clear and uncolored to transmit adequate 
light to make the necessary observations, and that the concentration of the 
substance being detected is greater than three parts in 10'*. Detailed de- 
scriptions of the method’ may be found in the literature, so that only 
enough will be given here to explain the present experiment. 

The solution to be investigated is placed in a glass tube through which 
light passes, and if minima are obtained at scale readings characteristic of 
a specific compound, this compound is known to be present. If solutions 
are of sufficient dilution, quantitative determinations may be made with the 
aid of a circle so adjusted as to give the number of degrees through which 
the Nicol prism of the apparatus must be turned just to allow or just to 
prevent the appearance of the desired minima. 

Since considerable light can pass through small unicellular algae, such 
as Chlorella, this type of organism appeared to be a means whereby the 


1SpornR, H. A. Photosynthesis. pp. 289-291. Chemical Catalog Co. New York. 
1926. 

2 KLEIN, G., and WERNER, O. Formaldehyde as an intermediate product in carbon 
dioxide assimilation. Biochem. Zeitschr. 168: 361-386. 1926. 

8 PoLLAccI, G., and BERGAMASCHI, M. Demonstration with dimethylhydroresorcinol 
of formaldehyde in living plants during chlorophyll photosynthesis. Atti Accad. Lincei 
10: 687-689. 1929. 

4 BarTon-WricHt, E. C., and Pratt, M. C. Studies in photosynthesis. I. The for- 
maldehyde hypothesis. Biochem. Jour. 24: 1210-1216. 1930. 

5 ALLISON, FRED. Magneto-optic method of analysis as a new research tool.- Ind. 
& Eng. Chem. Analytical Ed. 4: 9-12. 1932. 

6 , and MurpHy, Epaar. A magneto-optic method of analysis. Jour. 
Amer. Chem. Soc. 52: 3796-3806. 1930. 

7 Loe. cit. 





566 PLANT PHYSIOLOGY 


presence of formaldehyde could be detected within the plant cell. The low 
light requirement of such organisms for photosynthesis also makes them 
suitable, since the amount of light coming through the apparatus is so small 
that it is doubtful whether it would be sufficient for most plants to begin 
or to continue this process. 

In testing the algal® culture for formaldehyde, a tube containing dis- 
tilled water was first inserted and observations made to determine the pres- 
ence of formaldehyde. The test gave negative results. A drop of the algal 
suspension was then introduced and the observations repeated. Minima 
previously determined to be those of formaldehyde appeared (scale read- 
ings 21.83 and 21.92). The contents of the tube were then filtered through 
hardened filter paper into another tube and the observations repeated. The 
minima characteristic of formaldehyde were absent, showing that the for- 
maldehyde present when the previous readings were made was within the 
algal cell. To preclude the possibility that the formaldehyde was adsorbed 
by the filter paper from the external solution and therefore only appeared 
to have been in the cells, a formaldehyde solution of about the same concen- 
tration as that found in the tube with the algae was made. This solution 
was filtered through the same type of filter paper and was found to contain 
the same amount of formaldehyde before and after filtration. 

A brief study was made of the rate of formaldehyde formation as 
affected by the time of exposure to light. The algal cells to be studied were 
kept in the dark over night and until placed in the apparatus for observa- 
tions the next morning. Since a small amount of light must pass through 
the substance examined, and the amount of light necessary for photosyn- 
thesis for such algae is small, an initial negative reading could hardly be 
expected. The first circle reading for the appearance of formaldehyde was 
3.5°, corresponding to a concentration, considering the contents of the tube 
as a whole, of about 3.6 parts in 10'*.° This is about as small an amount as 
ean be detected by this method. The tube and contents were then placed 
2 feet from a 60-watt Mazda lamp for four periods of 7 minutes each and 
a final exposure of 15 minutes. Determinations were made after each ex- 
posure to determine the amount of formaldehyde present. The tube and 
contents were again placed in the dark and observations made the following 
morning. Ten-minute intervals of exposure were made. The first ex- 
posure was made 1 foot from a 25-watt Mazda lamp. The other exposures 
were made 2 feet from the same lamp as was used the preceding day. The 
results are shown in figure 1. Circle readings (increased readings show an 

8 Probably a species of Chlorella. 

® This assumes that the angle corresponds to the same concentration for formalde- 


hyde as for calcium. Details for quantitative determinations with the circle will be pub- 
lished later. 
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Fic. 1. Change in formaldehyde concentration with time on exposure to light: open 
circles, readings first day; solid circles, readings second day. 


increase in concentration) were plotted against time of exposure. The final 
circle readings, 38.5°, correspond to a concentration of about 5 parts in 10”°. 
The algae were filtered out after the final observation and no formaldehyde 
was then found in the solution. The concentration within the algal cell 
could be determined only if the ratio of the amount of algae to the water 
in the tube were known and providing the effect were the same as if the 
formaldehyde were in the solution surrounding the algae. The fact re- 
mains, however, that up to a certain time the amount of formaldehyde in 
the cell increases on exposure to light of a certain intensity and after that 
remains the same, at least for the period observed. 

This preliminary work suggests great possibilities, not only in further 
photosynthetic studies, but in determining various metabolic products of 
small organisms sufficiently transparent to allow enough light to pass 
through for work with the ALLISON apparatus. The minima for compara- 
tively few organic compounds have been determined and the task of finding 
them may be long and tedious. Once these minima are found, the pres- 
ence of compounds in solution in organisms of suitable types, such as bac- 
teria and small, comparatively transparent fungi ahd algae, can easily be 
detected—Anna L. Sommer, Epona R. BisHop, anp IRENE G. Oro, Ala- 
bama Agricultural Experiment Station, Auburn, Alabama. 
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NOTES 


Tenth Annual Meeting.—The tenth annual meeting of the American 
Society of Plant Physiologists will be held in Boston, Massachusetts, on 
December 28-30, 1933. The hotel headquarters is the Hotel Statler, Bos- 
ton. The banquet will be held on Thursday evening at the Brunswick 
Hotel, Cambridge. A business meeting has been tentatively arranged for 
the afternoon of December 29. A large attendance is desirable at the 
business meeting, since it is constitutionally possible to transact business 
with final decisions, if the attendance is sufficiently large, without resorting 
to balloting by mail. As the banquet is the main social function of the 
meeting, members will find it desirable to arrive as early as possible, and to 
procure banquet tickets immediately on the opening day. 


Program Committee.—The program committee for the Boston meeting 
consists of the following members: Dr. Cart G. DeuBer, Yale University ; 
Dr. H. F. Beraman, United States Department of Agriculture; Dr. T. G. 
Puinuies, University of New Hampshire; Dr. Dororny Day, Smith Col- 
lege; and Dr. B. E. Giupert, Rhode Island Agricultural Experiment Sta- 
tion, chairman of the committee. The secretary is ex officio a member of 
the committee. Plans have been tentatively arranged for an attractive 
meeting which no one would wish to miss. 


Membership Committee.—The membership committee, under the lead- 
ership of Dr. LAuRENZ GREENE, of Purdue University, has been conducting 
an active campaign to hold and increase the membership of the Society. 
Other members of the committee are Dr. F. P. Cuttinan, U. 8. Department 
of Agriculture; Dr. A. R. Davis, University of California; Dr. G. T. 
NIGHTINGALE, New Jersey Agricultural Experiment Station; and Dr. 
C. F. Korstran, Duke University. The cooperation of all members in 
this work is highly desirable. If two new members were enlisted in each 
of the 48 states, the membership would reach a new high record. Special 
efforts to maintain and increase library support is desirable, also, since 
some of the more meagerly supported libraries found it necessary to dis- 
continue subscriptions temporarily. Any member whose file is not com- 
plete as to available volumes can assist by purchasing back numbers as 
far as they are still obtainable. The first two volumes of PLANT Puysl!- 
oLoGy have been exhausted for several years, and volumes three and four 
are scarce. The last four volumes are held in sufficient number to sup- 
ply any probable demand for them in the near future. In order to main- 
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tain an uncongested outlet for publication of research in plant physiology, 
we should have support sufficient to publish about 1000 pages annually 
instead of 600. 


Barnes Life Membership Committee——The Barnes Life Membership 
committee has been appointed by Dr. C. O. AppLEMAN, president of the 
Society, and the selection of the candidate for the award will be made under 
the liberalized by-laws which were adopted at the time of the annual elec- 
tion last June. The committee consists of five members, as follows: Dr. 
Wa ter F. LoEHwIneG, University of lowa; Dr. S. V. Eaton, University of 
Chicago; Dr. Cuarutes E. Sanpo, U. S. Department of Agriculture; Dr. 
Grorce P. Burns, University of Vermont; and Dr. T. G. Puruuips, Uni- 
versity of New Hampshire, chairman. The selection is usually announced 
at the annual banquet, an event which adds much pleasure to that func- 
tion. 


Stephen Hales Address.—The third StepHen Haues address will be 
presented before the Society at the Boston Meeting by Dr. Husert Brap- 
FORD VICKERY, to whom was awarded for his excellent work on vegetable 
proteins the third StepHen Hates prize at the ninth annual meeting at 
Atlantic City in 1932. 


Early Collection of Dues.—Since it is necessary to use our funds for 
publication conservatively and with caution, the editors of PLant Prysi- 
oLoGy will appreciate an early response to the secretary’s notices of dues 
for 1934. The constitution makes October 1 the date at which the dues 
for the following calendar year become collectible. This provision was 
made to enable the secretary to make up a relatively complete subscription 
list by January 1, so that no loss might be incurred by sending the Janu- 
ary number of the journal to those who find it necessary to discontinue 
membership. Early payment of dues gives the editors opportunity to 
plan the seale of publication for the succeeding calendar year with intelli- 
gence and with confidence in the continuity of support. 


Jethro Tull.—This year, 1933, is the 200th anniversary of the publica- 
tion of JETHRO TULL’s great book, Horse-Hoeing Husbandry, which was 
published in Dublin by A. RHAmes in 1733. The memorial committee of 
the Society has decided to include a brief memorial program at the tenth 
annual meeting in honor of this event. 


Wound Compensation, Transplantation, and Chimaeras in Plants.— 
The press of Julius Springer, Berlin, has published an extensive mono- 
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graph by N. P. KRENKE entitled Wundkompensation Transplantation und 
Chimiren bei Pflanzen, in a German edition, with N. Buscu and O. Moritz, 
of Kiel, as translator and editor respectively. It is no. 29 of the Mono- 
graphien aus der Gesamtgebiet der Physiologie der Pflanzen und der 
Tiere. The first section of the volume deals with natural mechanical 
factors, and the second part with artificial (chirurgical) factors in the 
production of abnormal growths, transplantation, and chimaeras. The 
first section is relatively brief (pp. 1-138), the second part extensive (pp. 
139-877). This second section considers such topics as the reaction of 
cells and tissues to wounding; wound compensation; the results of trans- 
plantations; and the phenomena of growth chimaeras. The final section 
and appendix touch upon the problems of immunity, internal therapy, 
and serological relations of grafted tissues to one another. A great deal 
of information has been brought together in this interesting field. It is 
a valuable source book for investigators of such problems. The prices at 
which the publisher quotes it are RM 88 in brochure, and RM 89.8 in cloth 
binding. Orders may be placed directly with the publishers. 


Handbook of Plant Analysis.—The fourth and final volume of this 
extensive handbook by G. Kern has been issued in two volumes paged con- 
secutively. The two volumes together have 1868 pages. There is a table 
of constants for known plant constituents (pp. 1441-1706), which gives the 


melting point, boiling point, solubility, and optical rotations as far as they 
are known. 


The first half of volume IV takes up methods for determining amino 
acids, amides, amines, proteins, purine and pyrimidine compounds, 
nuclein bodies, alkaloids, cerebrosides, and some unclassified constituents. 
The second half takes up methods of enzyme determination, methods 
of studying fermentation (carbohydrases, esterases, proteases, nucleases, 
amidases, and desmolases), antigens and antibodies, plant hormones, and 
vitamines. Some special methods of biological analysis are included, such 
as water examination, soil analysis, fermentation media, nitrogen frac- 
tionation, fractionation and preparation of pure substances by chromato- 
graphic adsorption. 

The four volumes of this work bring together the methods for all kinds 
of chemical investigations of plant materials. Those who attempt to use 
the work should not forget that in compiling these methods it has not 
been possible to consider them very critically. The field covered has been 
too broad for any one individual or even for the entire group of authors 
involved to do more than state the methods, without critical comments as 
to the degree of accuracy and as to the precautions which must be taken 
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in their use. Such critical studies will devolve upon the users of the 
work. 

The publisher is Julius Springer, whose Vienna plant has been issuing 
this set. The prices quoted for the two halves of vol. IV are RM 190 
for brochure, and RM 198 for cloth bound copies. Address Julius 
Springer, Schottengasse 4, Wien I, Austria. 


Errata.—Members and subscribers are requested to note errata for vol- 
umes 7 and 8 at the close of the table of contents in this number. 
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